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ABSTRACT

In the recent years pharmaceutical and biomedical fields have emerged to become a huge
market for the membrane technology. Hydrophilized polyether sulfone (PES) and
polyvinylidene fluoride (PVDF) membranes are currently most abundantly used for the
bio-pharmaceutical applications. Various surface functionalization techniques have been
remarkably evolved over the past decades towards developing membranes for such
applications. Functional membranes such as ion-exchange membranes or membrane
absorbers are widely used to increase the separation efficiencies; stimuli responsive
membranes, e.g., to pH or temperature, are explored. Despite these developments, many
functionalization techniques are limited to lab-scale implementation. Moreover, there is
still limited separation performance due to poor selectivity as a result of different types

of fouling.

This project therefore focuses on industrial production of functionalized microfiltration
(MF) PVDF membranes for bio-pharmaceutical applications. The functionalization is
carried out via scalable two-step graft coating polymerization involving redox initiation
of radical reactions with ethylene glycol dimethacrylate (EGDMA) as the cross-linker.
Either vinyl monomers or hydrophilic polymers were added in order to introduce specific
functionality in the coating. EGDMA dominated the polymerization due to higher
reactivity, higher local concentration at the interface and efficient homopolymerization.
Vinyl monomers drove the thermodynamics and kinetics towards more efficient

functionalization compared to the long chain polymers.

Acrylic acid and 2-hydroxyethyl methacrylate (HEMA) as functional monomers
presented a promising platform to obtain superior anti-fouling surface properties. The
EGDMA-monomer ratio played an integral role in influencing the final membrane
properties. EGDMA governed the structural changes while monomer defined the surface
properties obtained upon modification. Polyacrylic acid formed pH-responsive dangling
chains which could repel particles from entering the membrane pores through
electrostatic repulsions. Poly(HEMA) formed a hydration layer on the surface reducing

the particle adhesion onto the membrane surface.

Acrylic acid and HEMA functionalized flat sheet membranes were industrially produced

in a roll-to-roll process. The membrane demonstrated compatibility towards wide range



of chemicals, high thermal and mechanical stability, and retained their properties after
sterilization. Furthermore, in addition to the very low protein binding ability (<2 pg/cm?),
the membranes showed higher particle retention than the competitor membrane with

smaller pore sizes due to the reduced membrane-particle adhesion.

Furthermore, a relationship between the membrane pore size and polymerization
efficiency was established to extend the functionalization to base membranes with
varying pore sizes. The results revealed a gradient of polymerization in the cross-section

of the membrane which reduced with increasing pore size.

Commercial MF membranes have been successfully functionalized via developed
methodology at an industrial scale to obtain desired surface properties to minimize
fouling and enhance the separation performance. The preliminary performance and
characterization results for the developed prototypes show considerable potential to

implement developed membranes for bioprocessing applications.
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1 INTRODUCTION

1.1 Problem definition

Impressive breakthroughs in molecular biology and biotechnology have been
successfully exploited in the industry over the past decades. This has motivated equally
innovative developments in biochemical engineering including purification and
separation technologies, that have created opportunities for membranes and membrane
processes'. In the past, membrane systems mainly developed for water treatment were
adopted for bioprocessing applications for e.g., bacteria and virus removal from biofluid
streams?. Today the worldwide market size of membranes in pharmaceutical industry
alone has reached over USD 5.2 billion and is projected to grow at the yearly rate of 12
% until 20273, Ability to operate at room temperature without phase change, low energy
consumption and easy scalability make membranes an attractive candidate for
bioseparations. The use of membranes in purification and separation of biological
products is growing rapidly, thus becoming increasingly important in both academia and
industry. The recent work by Zydney* discusses the recent developments in membrane
industry and provides an overview about the future challenges and unique opportunities

for membranes technologies in biopharmaceuticals.

The most widely used membrane processes in biotechnology utilize porous membranes
with varying pore size; microfiltration (MF) 0.1 — 10 um and ultrafiltration (UF): 0.02 —
0.1 um. Porous membranes have been successfully implemented in various stages of
bioseparation operations such as purification, concentration, and fractionation. They are
extensively used for removal for bacteria, insoluble colloidal particles, viruses, and cell
debris from the process fluids prior to a more sophisticated operation such protein

recovery or extracellular vesicle isolation using chromatography.

Typical porous membranes utilized in bioprocessing application are composite
membranes with dual functionality having bulk properties different from the desired
surface properties. Composite membranes are preferred over membranes produced with
addition of hydrophilic additives because the hydrophilic additive can be washed out
eventually on continuous contact with the aqueous phase resulting in loss of hydrophilic

properties. Conventional methodology currently used to achieve these membranes is by



coating a surfactant or a water-soluble polymer such as PVP on the surface with desired
properties. However, this approach is undesirable since the coating is not permanent and
upon exposure to any process fluid could result in removal of the coating. Membranes
treated with physical coatings for example using dip-coating methodology are unable to
rewet once dried after wetting with water, incapable of steam sterilizing, and show high
extractable levels. These properties are undesirable in bioprocessing applications which

involves sterilization and subsequent permeate analysis.

Graft polymerization has been proposed and demonstrated in several patents>® as an
alternative to modify surface properties by chemical bonding. However, using currently
available techniques it is difficult to modify the entire surface of the porous membrane
including the pore walls without affecting the membrane porosity due to the pore
blockage. Moreover, selection of the appropriate polymer or oligomer for modification is
crucial for the final membrane to be compatible with broad range of materials and
substances. Formation of non-white colored membrane exhibiting colored extractables
upon graft polymerization using primary amine has been reported’. Hence, the membrane
should not be colored upon surface modification, should exhibit very low levels of
extractables, and should demonstrate very low protein adsorption®. Addition to the
intrinsic membrane properties, membrane fouling is a major challenge during a
membrane process that adversely affects the flux and selectivity. Fouling results from
several mechanisms: pore blockage upon accumulation of retained substances on the
membrane surface and within the pores, pore constriction upon non-specific adsorption,
and protein binding on the membrane surface. Fouling increases the operation costs, and
reducing the membrane life. Therefore, it would be highly desirable to provide a
composite membrane consisting of both: preferable bulk properties such as mechanical,
thermal and chemically stability and desired anti-fouling surface properties as a result of

polymer functionalization.

Numerous anti-fouling strategies have been reported in the last decade after
understanding the underlying fouling mechanisms. It is well known that hydrophilic
surfaces generated by functionalization demonstrate promising anti-fouling behavior.
The characteristics of the hydrophilic layer such as extent of hydration, graft density,
cross-linking density, and surface charge govern the interactions with foulants.
Furthermore, stimuli responsive surfaces can also be obtained to additionally enhance the

filtration efficiency. Multiple studies have demonstrated several functionalization



approaches to improve anti-fouling behavior. However, their application at the industrial
scale: requires sophisticated post-treatment lines, additional energy sources (UV, plasma,
etc.) therefore additional cost, is limited to certain polymers, or is limited by the process

design.

In biotechnology, the contents of the process fluid vary depending on the process and
operation; however, current filter products such as Millipore Amicon Ultra, Sartorius
Vivaspin, and syringe filters in the market utilize generic hydrophilic membranes largely
based on PES or PVDF. These membranes are typically used for ultrafiltration /
microfiltration processes and possess negative surface charge to minimize the adhesion
of negatively charged biological foulants. These membranes are universally used for
various biological processes which causes problems such as non-specific adhesion,
clogging of soft-particles, low yield and low recovery of bio-products. The economic
limitations and upscaling constraints in addition to unpredictable market demands
prevents manufacturers from producing a range of hydrophilic membranes with

multifunctionalities to serve various purposes.

This work aims to develop a versatile, cost-effective, robust post-treatment methodology
to functionalize base membranes with functional polymers of choice. The goal of this
project is to bridge the gap by developing different industrial prototypes with a reactive

coating on the surface and inside the pores to minimize fouling and maximize recovery.

1.2 Aim of the work

To obtain hydrophilic membranes with anti-fouling properties, functional polymers
capable of hydrogen bonding with water molecules should be introduced onto the
membrane. Polyvinylidene fluoride (PVDF) can be considered as the base membrane
material since it is a widely used substrate for surface modification via graft
polymerization strategy. Besides, industrial scale PVDF base membrane with required
characteristics within microfiltration (MF) range can be easily obtained since it is
manufactured in GVS. Therefore, 0.45 um PVDF membrane was chosen as an ideal
starting material for modification and grafting hydrophilic cross-linkable functional
polymer chains is considered to be an ideal strategy for achieving anti-fouling surface

properties.



Within this framework, the first aim of this project is to develop a “Lego-like” scalable
membrane functionalization methodology to graft functional polymer onto the PVDF
surface and inside the pore walls. The two features that result in “Lego-like” character
are: 1) adjustable structural properties of the grafter polymer chains based on cross-
linker/polymer concentration ratio; and 2) surface properties of choice based on the
selected functional polymer. Redox initiated graft coating polymerization is thought to be
fit for this approach: pre-forming an active coating of cross-linker and initiator via
absorption, and later surface-initiated polymerization upon introduction of the activator
and polymer to form reactive hydrogel coating consisting of functional polymer chains.
Therefore, versatile methodology should be transferable to other substrates, cross-linkers
and polymers containing vinyl group or abstractable hydrogen atoms. The work would
focus on screening different cross-linker and polymer types along with various reaction

parameters to identify suitable scalable formulation for fouling resistant membranes.

The second aim of this project is to develop two industrial prototypes with varying surface
properties: 1) grafting polyHEMA chains on the surface and within the pore walls to
create a hydration layer to minimize the interactions between surface and the foulants;
and 2) grafting polyacrylic acid chains to obtain pH responsive surface, which at high pH
deprotonates carboxylic group that can repel negatively charged foulants through
electrostatic repulsions. The aim can be achieved by developing and evaluating several
lab-scale prototypes with different reaction parameters for their properties and
performance: particle retention and protein binding. Based on the evaluation, two

formulations for the industrial upscaling could be chosen.

In order to be qualified as the new hydrophilic products, the prototypes should fulfil the
required criteria for thermal and mechanical stability, chemical inertness, and coating

integrity.

Furthermore, before introducing a new membrane, product specifications should be
established. Thus, as a third aim, the prototypes are to be analyzed for their pore size and
surface properties according to the industrial norms. Moreover, the particle retention and
protein binding performance of the industrial prototypes is compared with a competitor’s

PVDF based hydrophilic membrane widely used for bioseparations.



Considering the wide market opportunity for microfiltration membranes (not limited to

one pore size) in biotechnology, the final fourth aim of his work is to establish a

relationship between pore size of the base membrane and the efficiency of the

functionalization. This relationship should help fine-tune the modification parameters

based on the base membrane characteristics to obtain functionalized membranes for a

wide range of pore sizes.

1.3 Scope of the work

In order to achieve the above-mentioned aims, the following tasks for each aim should be

achieved:

I.  Proof of the concept for the “Lego-like” two-step graft coating polymerization

a.

Modification of flat sheet PVDF membrane with with a monomer (acrylic
acid) and a polymer (PVP)

Characterization of the modified membranes to confirm the change of
membrane structure and surface chemistry

Modification with varying polymer concentrations at fixed cross-linker
(EGDMA) concentration to understand the influence of polymers on the
final membrane properties

Modification with different cross-linkers: EGDMA and TrGDMA at
varying concentrations but fixed polymer concentration to understand the

influence of cross-linker on the final membrane properties

II.  Development of two industrial prototypes

a.

Modifications with EGDMA as the cross-linker for developing pH
responsive polyacrylic acid and hydrophilic polyHEMA prototypes at
different polymer and cross-linker formulations

Characterization of the final modified membranes to establish a
relationship between formulation and structural and surface chemistry
changes

Investigation of the particle blocking mechanism

Evaluation of the protein binding kinetics

Identification of the best formulation for both the prototypes based on the

surface properties, particle retention, and protein adsorption



III.  Characterization and performance evaluation of the prototypes
a. Comparison of the characteristics of the prototypes with the competitor
membrane
b. Comparison of the particle recovery and protein binding abilities with the

competitor membrane

IV.  Understanding the effect of pore size on functionalization
a. Characterization of the base membrane properties with different pore sizes
b. Investigation of the grafting efficiency inside the pore structure as a

function of pore size



2 THEORETICAL BACKGROUND

2.1 Membrane processes in biotechnology

A membrane is a barrier between two phases which allows size-based separation of the
components resulting in mass transport; typically driven by the difference in
concentration, pressure, temperature or electric potential. Inspired from the biological
membranes, synthetic polymeric membranes are mainly used in wide range of membrane

applications such as water treatment, biotechnology, and food technology.

The use of membrane processes in biotechnology is rapidly growing due to the broad
application spectra in both upstream and downstream bioprocessing at low operation
costs. Membranes play an integral part in important bioprocesses such as fractionation,
clarification, purification and recovery of the bioproducts’. Membrane processes have
overcome several bioprocessing limitations such as use of extensive downstream
processing for generation of complex mixtures, the production of low concentration
solution using cell cultures, and contamination of cell cultures with unwanted biological
species'?. Figure 2.1 shows the use of membrane technology in a typical downstream

process of biomolecules.

Media
Preparation

Final
concentration /
buffer exchange

Virus
Removal

Fermentation
Cell Removal/

Clarification I
Concentration
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Figure 2.1. Use of membrane technology in the downstream of biomolecules'!



Established membrane processes in biotechnology are mainly based on the molecular size
but to some extent on shape and charge, to separate components in a solution or colloidal
dispersion. Membranes are also being utilized more than a selective barrier by exploiting
their large internal adsorptive surface areas. These properties make them excellent tools

for entrapping enzymes, ion exchange, and affinity-based separations.

Due to the sensitivity of the biological substances to the external factors such as
temperature and electrical potential, majority of the membrane separations are pressure
driven which also consumes less energy. The pressure driven membrane processes can
be categorized into four major groups based on the membrane pore size: microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). Figure 2.2

shows the schematics of the membrane processes and separable solutes.
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Figure 2.2. Membrane processes and separable solutes'?

MF membranes are utilized in sterile filtration, particle (cell) removal, cell harvesting,
and ultrapure water preparation for filtering large molecules such as bacteria and colloids.
UF membranes are typically used for concentrating DNA, proteins, or polysaccharides,
for antibiotics and virus clarification, and for buffer exchange. NF membranes retain
solutes with molar mass ranging between 1 kDa and 3 kDa such as sugars'?, polypeptides,

antibiotics'* and multivalent ions!® at pressure between 10 to 30 bar. Size-based



molecular sieving and Donnan exclusions arising from repulsion of charged species and
membrane are two mechanisms involved in NF process. RO membranes retain solutes
below 1 kDa molar masses and are used to concentrate low molecular weight substances

such as salts, amino acids and sugar solutions'®!’

. RO processes require pressure in
excess of the osmotic pressure of the feed, to force the solvent through the membrane via
solution-diffusion mechanism where transport is governed by the solubility and

diffusivity of the penetrant in the membrane.

The differentiation of the membrane unit operations should be done based on the area of
application as not all the classified membranes are employed in all process steps.
Microfiltration membranes are integrated into downstream bioprocessing along with
ultrafiltration membranes for the initial harvest to obtain high concentration of cells and
removal of debris to protect the subsequent purification steps. The application of reverse
osmosis and nanofiltration membrane processes is not that common due to lack of
separation problems concerning less than 0.01 pm molecular size at very high operational
pressure, high volume, and low target molecule amount in the feed'!. Hence, from an
economic standpoint integration of those membrane processes is not feasible'® and

therefore not included in the further discussions.

In the field of biotechnology including biopharmaceutical, typically sequence of
separations steps are integrated in a process. These separation steps mainly consist of
micro- and ultra-filtration, operated in static (dead-end) or dynamic (cross-flow) mode

illustrated in Figure 2.3.

Feed stream

T IIIIII
TR

(a) Cross flow filtration (b) Dead-end filtration

Figure 2.3. Different mode of operations for filtration processes: Dead-end vs Cross-flow!®



Dead-end filtration is characterized by the feed flowing perpendicular to the membrane
surface. The particles bigger than the membrane pores are rejected in the membrane
structure or at the surface; permeate is typically product stream. While operational
simplicity is an advantage, rapid deposition of solutes and particles directly into the
membrane leading to fouling is a major disadvantage of dead-end filtration. The
selectivity and flux can be enhanced to increase the lifetime by utilizing composite
membranes with graded pore-sizes, and implementing additional separation mechanism
through electrostatic and hydrophilic surface modifications. Dead-end filtration in
biotechnology has been successfully implemented for clarification of antibody

2021 " for decontamination of protein solutions prior to chromatography??, for

solutions
removal of DNA from cell cultures?’, and for standard sterile filtration step to lower the

bioburden.

Cross-flow or tangential flow filtration is characterized by the feed flowing parallel to the
membrane surface and retentate typically is product stream. The formation of filtration
cake is minimized and an equilibrium is reached between increase and decrease of
filtration cake. Cross-flow filtration is mainly used for high volume feed stocks with a

relatively high amount of membrane blocking substances.

2.2 Membranes for biotechnology

MF and UF membrane processes use porous membranes, while NF and RO processes use
non-porous or dense membranes. Majority of the membranes used in biotechnology are
porous membranes with various functional properties depending on the application. This
section emphasizes on the properties of porous membranes, transport through the porous
membranes, and discusses the applications of porous membranes in biotechnology by

demonstrating several examples.

2.2.1 Porous membranes

Porous membrane concerned with biotechnology are further classified based on the

morphology and is depicted in Figure 2.4.
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Figure 2.4. Classification of membranes based on the morphology?*

Porous membranes are manufactured from a variety of materials such as polymers (e.g.,
PES, PTFE, PVDF), ceramics (e.g., aluminum, zirconium oxide), glasses (e.g.,
borosilicate glass fiber), and metals (e.g., silver and stainless steel). However, majority
of the membranes utilized in bioseparations are produced via synthetic polymers.
Regenerated cellulose, hydrophilic polyether sulfone and hydrophilic PVDF are most
commonly used membrane materials?® due to their low protein binding ability property.
The choice of membrane is driven by the material requirements which define structural
properties and macroscopic characteristics like thermal, chemical, and mechanical
stability along with microscopic characteristics like the specific component permeability.
Based on the technique used for membrane preparation, the underlying pore morphology
varies significantly. Porous membranes usually have an isotropic network of polymer
fibers due to a highly interconnected pore structure with a broad pore size distribution.
The pore size rating typically refers to the size of particles or molecular weight that have

more than 90 % retention. The retention is defined as follows:

Cpermeate

R=(1— )XIOO%

feed

For a porous membrane to be used for a bioprocess application following requirements

should be taken into account!!:

e Uniform flow distribution,

e Mechanical, thermal, and chemical stability,
e High throughput volume,

e Low protein binding, and

e Economic production,

Generally, for bioprocessing applications membranes are integrated into modules to

enhance the mass transport. An ideal module should satisfy the following requirements:

e High packing density,

11



e Good cleanable and sterilizable,
e Low pressure loss,
e Low polarization affects, and

e Testability.

2.2.2 Transport through porous membranes

This section introduces an overview on mass transfer mechanism in porous membranes
which impacts the permeate flux and selectivity. Mass transfer through porous
membranes is a complicated phenomenon and cannot be explained accurately by any
unified theory due to the varying chemical nature of membrane materials: hydrophilic,
hydrophobic or charged; that affects membrane-solvent interactions further influencing
mass transport. The structural parameters of the porous membranes are closely linked to
the transport and separation mechanism. Figure 2.5 depicts the fundamental structural

properties of porous membranes.

| ?EQ’;@KZ o
1 LD/ ZO

Surface views of porous membranes of equal porosity (¢)
but differing pore size

average pore size

Figure 2.5. Representation of structural properties of porous membranes: tortuosity (top), porosity and pore size
(bottom?®)

Tortuosity is the ratio of pore length to selective layer thickness and lies between 1.5 to
2.5; at lower tortuosity molecules permeate quicker due to the shorter channel length.
Porosity is the measure of membrane void volume compared to the total bulk volume and
ranges between 30 % to 80 %. Although higher porosity increases permeate flux but also

decreases the mechanical stability?®.

12



Pressure-driven convective flow transport through porous membranes is commonly
described by two approaches based on the pore flow model in capillary tubes that assumes

membrane pores to be ideal: evenly sized and distributed cylindrical pores.

The first approach makes use of the differential momentum balance equation and
Newton’s law of viscosity to describe the laminar fluid flow through the cylindrical
capillaries?’-?®. Upon integration, the popular Hagen-Poiseuille equation to calculate the

permeate flux for the convective velocity through the porous membrane is shown below:

e.d*yore  Ap

J= :
32.1.T  lpore

Where, T is the tortuosity of the capillaries and dpqr. is the diameter of the capillaries.

Furthermore, Darcy’s law is the basic equation that can be employed for the porous
medium to describe the rate of fluid flow through cylindrical pores and therefore enabling
the calculation of the membrane area for a targeted separation at given conditions. The

equation describing Darcy’s law is shown below:

_ kA (B P)
w L
Where, Q [m?/s] is the volume flow rate, k [m?] is the empirical constant for permeability

of the medium, A [m?] is the cross-sectional area to flow, (P, — P,) is the pressure drop,

1 [kg/(m.s) or Pa.s], is the viscosity and L [m] is the membrane thickness.

However, mass transfer calculations for membranes used is much more complicated due

to irregular shapes and connectivity?°.

In the second approach, the Kozeny-Carman equation can be applied when membranes

resemble an arrangement of near-spherical particles®’:

3 g3 Ap
T K S2(1— €)? Lyore

J

Where, ] is the permeate flux, Ap is the pressure drop, € is surface porosity, K is a
constant, . is the dynamic viscosity of the permeate, S is the specific area per unit volume,

and I is the thickness of the porous layer.
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The dominant mechanism governing the separation of porous membranes is sieving
effect: rejection of molecules or particles larger than the membrane pores at the

membrane surface (see Figure 2.6).

O

=
O

Microporous membranes
separate by molecular
filtration

Figure 2.6. Size exclusion mechanism in a porous membrane?®

Feed components are captured or adsorbed during the membrane-solvent interaction
through different separation phenomena. This occurs during the dead-end filtration when
components are small enough to enter the membrane. But they are stopped from
permeating because of one or more of the four scenarios shown in Figure 2.7. Therefore,
in addition to the sieving effects particles could be captured inside the pores by either

electrostatic adsorption, Brownian diffusion, or inertial impaction.

Electrostatic —
adsorption

Brownian —_
diffusion

Inertial —_|
impaction Fluid

stream
lines

Sieving |

Fiber cross-section

Figure 2.7. Capture mechanism inside the porous membrane?®
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2.3 Porous membrane applications in biotechnology

Membrane processes were explored for bioseparations even before the emergence of the
advanced membrane industry. J. D. Ferry’! in 1936 reported the employment of
membrane technology for various applications such as enzyme concentration, sterile
filtration, protein free cell culture preparation, and analysis of bacteriophages and viruses.
However, these systems were limited to analytical-scale operations due to the
shortcomings of the available membranes. Variety of new membrane materials resistant
to fouling, and better chemical stability are being developed to overcome the
shortcomings. Currently porous membranes are widely used throughout the production,
formulation, and purification of biotechnology products. This section discusses in brief

the various representative applications of the microfiltration membranes.

MF membranes are extensively used in dead-end configuration for sterile filtration for
bacteria removal before formulation of many products, and for cell debris removal
suspended in the fermentation broth during the initial clarification. Typically, 0.2 um pore
size membranes are used for sterile filtrations which are validated by absolute removal of
Brevundimonas diminuta®’. Furthermore, to prevent the passage of smaller
microorganisms some users use 0.1 um pore size membranes to assure the enhanced

sterility33.

Additionally, MF depth filters have been specifically developed for the removal of
submicron colloidal and insoluble particles from the process streams to reduce the
bioburden prior to a terminal sterilization step*?. Many processes now also employ a pre-
filter with larger pore size before a normal flow filter to improve the product yield and

throughput.

Mammalian cell lines are often utilized in the production of proteins with therapeutic, or
diagnostic applications. But the cell lines could be contaminated with viruses or other
unwanted particulates introduced by addition of supplements during the fermentation
process, or through manual handling or manipulation during processing®*. Another

important application of MF is to separate viruses from the valuable proteins®>-3¢,

Moreover, MF is also exploited in antibiotic production such as penicillin G, where it is
used for the removal of biomass before recovering them from their fermentation broths

subsequently via solvent extraction and subsequent crystallization®’°. Filtration in
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combination with diafiltration is also used to obtain very high yields for the initial

recovery of antibiotics.

Better understanding about the effects of solution environment, membrane properties and
process hydrodynamics have also let to notable improvements in filtration performances
(UF and MF). For instance, numerous recent studies reported controlled rate of protein
transport through membranes by manipulating solution pH and/or the ionic strength**-42,
The studies reported higher efficiency of the process when operated at the IEP of the
transmitted protein and away from the retained protein. The separation is enhanced at low
ionic strength which increases the thickness of the double layer of the charged solute,
leading to higher retention, readily permeating the uncharged solute through the
membrane. These electrostatic interactions can further be exploited in several other
bioseparations processes to increase the efficiency. Charlton et el. demonstrated removal
of particles smaller than the pore size such as viruses and DNA by electrostatic

interactions®.

The manufactured membranes are further installed into an application-specific
arrangement called membrane modules for a more practical and manageable use in
technical processes. Module configurations in addition to the membrane remarkably
improve the membrane device performance’ by enhancing the mass transfer.
Commercially available configurations include hollow fiber, spiral wound, plate and
frame, tubular and vortex flow devices. Some examples of modules configurations are

shown in Figure 2.8.
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Figure 2.8. Certain examples of the module configurations*3

MF competes with centrifugation and expanded-bed chromatography for the initial
clarification of therapeutic products from cell cultures (mammalian, yeast, and bacteria)
but has several advantages over centrifugation: lower operational cost, less time-
consuming, requires no additional clarification prior to purification and most importantly

is scalable and hence can operate with high volumes?.

2.4 Membranes for extracellular vesicle separation

This section provides insights into the role of membranes in the emerging field of
extracellular vesicles (EVs). EVs are membrane covered heterogenous group of
nanoparticles detected in the bodily fluids such as urine, blood, synovial fluid and breast
milk*, secreted by cells of all tissues and organs in both healthy and pathological origins.
There are two major categories of EVs (see Figure 2.9): exosomes (30 — 100 nm) as a
result of fusion of intracellular multivesicular bodies with the plasma membrane* and
microvesicles (100 — 1000 nm) which result from the outward budding of the plasma

membrane*®.
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Figure 2.9. Origin of different types of extracellular vesicles from the cells*’

EVs are composed of vital biologically active molecules: proteins, lipids, DNA and RNA
carrying the information about the functional state of the parental cells. EVs have been
reported to be a major player in intracellular communication and transport of molecules
with potential diagnostic significance*®. Due to these properties, EVs have gained a lot of
interest in recent years for its potential as biomarkers*’, drug delivery vehicles®® and

therapeutic agents®! majorly in cancer treatment, and cardiovascular diseases.

However, isolation of EVs is a challenging task and requires standardized and reliable
methods. The traditional methods to enrich EVs from biofluids involve centrifugation and
ultracentrifugation. These however, require dedicated expensive equipment, long run
times, and result in low yields due to aggregation of proteins, and non-EV related
contaminations®?. Studies have also proposed various chemical agents to facilitate EV
isolation by altering the solubility or dispersity of EVs in the biological fluids. However,
uncertainty of reagents to distinguish between exosomes, microvesicles and protein

aggregates remains a concern*®

. Recent microfluidic and immunoaffinity based
techniques are promising for some applications but the limited sample throughout volume
and lack of validation methods are major disadvantages®. Nevertheless, scalable and
reproducible concentration of EVs from complex biological fluids prior to isolation
remains a major challenge. Filtration is fast, robust, easy to use and cost effective making

it a promising technique for concentration and purification.

Filtration can be utilized to separate EVs from the larger contaminants such as cell debris

before isolating them with sophisticated techniques like chromatography. Several
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isolation protocols have been proposed in the literature which implement filtration.
Lamparski et al.>? proposed tangential flow filtration and ultracentrifugation to harvest
exosomes from cell culture supernatants which has been implemented in clinical

trials>*>?

. This method utilizes ultracentrifugation that is incompatible with high
throughput volumes and subsequently with development of clinically operable EV
diagnostics or therapies. Heinemann et al. demonstrated simplified, robust, and clinically
applicable method for exosome isolation from biofluid using sequential filtration steps of
dead-end filtration, tangential flow filtration, and low-pressure dead-end track-etched
membrane filtration (see Figure 2.10). This approach yields high purity exosomes with
defined size distribution, free of proteins, larger EVs, and cell debris as confirmed by

nanotracking analysis, electron microscopy, and mass spectroscopy.
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Figure 2.10. Sequential filtration steps for isolation of exosomes from cell supernatant

The membrane filtration is used sporadically for EV filtration due to the challenges posed
by the EVs: low concentration, soft morphology making them prone to deterioration, and
variable properties depending on the origin. The widely used membranes for EV isolation
protocols are ultrafiltration and microfiltration membranes based on PES and PVDF.
However, the current membranes suffer from fouling, non-specific binding, high
extractables and loss of coating resulting in low yields>®. The membranes have different
binding capacities depending on the EVs and the type of membrane, therefore choice of

filter severely impacts EV recovery.

In the last decade, the field of extracellular vesicles has made promising developments
particularly in therapeutics and diagnostics including early detection of cancer as
suggested by the growing publications®’. However much remains unexploited for
membrane filtration application in EV isolation. Hence, EV field has attracted a lot of
attention from the membrane industry due to the untapped market and a lot of work is

being carried out in developing membranes specifically for EV isolation.
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2.5 Challenges for membrane processes in biotechnology

Application of filtration technology in bioseparation utilizes membrane filters which are
ideally mechanically and thermally stable, and chemically inert in addition to having
desirable surface properties which include wettability, low protein binding,
biocompatibility, and controlled surface chemical reactivity. Most of the membranes
employed in biotechnology applications are obtained by surface modification of a base
membrane. The poor selectivity leading to low yields and inefficient membrane filtration
could be more often traced back to poor membranes and filtration related adverse effects
such as concentration polarization and fouling. This section discusses the phenomena of

concentration polarization and fouling in detail.

2.5.1 Polarization and fouling phenomenon

In pressure driven membrane processes, especially microfiltration and ultrafiltration
severe flux decline can be caused due to several factors such as concentration
polarization, adsorption, gel layer formation, and pore plugging. These factors bring
about additional resistance on the retentate side to the transport across the membrane. The

convective flux in a pressure driven membrane process is given below.

AP
N Reot

] =

Where, AP is the pressure difference, 1 is the viscosity of the feed solution and Ry, is the
total resistance. Total resistance is the sum of various resistances toward the mass

transport across the membrane during pressure driven filtration as shown below:

Rt = Rm (membrane resistance) + Rep (concentration polarization resistance) + Ry (gel

layer resistance) + R (pore-blocking resistance) + Ra (adsorption resistance)

Resistance caused by the accumulated retained molecules near the membrane surface on
the feed side due to formation of a concentrated layer is called concentration polarization.
When the concentration of the accumulated solute molecules becomes very high it forms
a layer exerting gel layer resistance. Furthermore, pore blocking and adsorption resistance
arise upon membrane fouling caused by the solute particles blocking inside the membrane

pores. Flux-decline due to concentration polarization and fouling including protein
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binding/adsorption (although distinguishable but not completely independent of each

other) are discussed in a greater detail in the following sub-sections.

2.5.1.1 Concentration polarization

During the membrane filtration process, when the driving force (pressure) acts on the
feed solution solvent flows to the permeate side where as solutes are retained on the feed
side. The concentration of the retained solutes gradually increases as they accumulate
near the membrane surface. Consequently, the increased concentration generates
diffusive flow back into the feed bulk but a steady-state is established after a certain
period of time as the convective transport towards and diffusion away from the membrane
balance in a continuous filtration process*. A concentration profile is generated (see

Figure 2.11) in the boundary layer (thickness §) as a result of mass balance.
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Figure 2.11 Concentration polarization under steady state conditions in a pressure driven membrane filtration
58
process’

The film theory model describes mass balance and concentration polarization

mathematically?6-°:

B dc
Jep =Jes =Digy

Where J is the permeate flux, D; is the diffusion coefficient of solute i, ¢, is permeate
. . . dc . . . . .
concentration, cg is feed concentration, and o8 change in concentration with distance

from the membrane surface.

The above equation can be integrated over the boundary layer thickness resulting in:
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Where cw is the concentration at the membrane surface.
For complete retention of the solute 1, ¢, = 0 and thus the above equation becomes:

C 18
-w D

=e
Cg

This concentration polarization reaction illustrates the effect of polarization on flux and

: D
mass transfer coefficient (k = E)'

The consequences of concentration polarization on the flux and selectivity of the filtration

process can be summarized as follows:

e Lower selectivity: The calculated retention can be lower than the actual retention
due to the increased solute concentration at the surface. For e.g., in case of low
molecular weight solutes.

e Higher selectivity: For the mixture of solutes, higher molecular weight solutes
retained at the surface form a layer increasing the retention of low molecular
weight solutes.

e Lower flux: The high concentration of the solute in the boundary layer can

increases the flux resistance, therefore decreases the permeability.
Hence, often concentration polarization is a precursor for membrane fouling™.

2.5.1.2 Membrane fouling

The phenomenon of irreversible deposition of undesirable particulate matter (colloids,
particles, emulsions, macromolecules, salts, etc.) from the process fluid onto the
membrane surface and/or pores is defined as membrane fouling. Fouling not only affects
the membrane selectivity but also causes flux decline increasing the process time,
decreasing the membrane life and hence increasing the operating cost. Membrane fouling
remains a bottleneck challenge for membrane technology in bioprocessing

applications®*-6!,
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Microfiltration and ultrafiltration processes are mainly prone to fouling because of the
susceptibility of the porous membranes to fouling. These membranes are used to remove
bacteria, cell debris, insoluble aggregates, and particles from feedstock solutions, to
protect downstream units from contaminations. Fouling characteristics of the feed
solution determine the capacity of the filter. Therefore, for pressure driven processes the
extent of fouling depends on type of separation and type of membrane used. Generally,
four types of foulants can be distinguished: Colloidal: silica, polystyrene, clay, etc.,
Organic: macromolecules, biological substances, etc., Inorganic: metal hydroxides,
calcium salts, etc., and Biofouling: bacterial cell film at the membrane surface. However,
colloidal and organic fouling are the most relevant in bioprocessing applications hence

are extensively discussed in this thesis.

The flux decline due to fouling can be calculated mathematically based on the filtration
model. The deposition of particles at the membrane surface is said to form a “cake layer”
which resists (R.) the mass transport during filtration in addition to the membrane
resistance (R, ). The cake filtration model is usually used to determine the fouling index.

The flux (J,) during the filtration at a given driving force (AP) is given by*:

AP

b= ®a T RY

Where R, = 1. (cake thickness). r.(specific cake resistance) and r. is assumed to be

constant over the cake layer.
The specific cake resistance can be expressed by the Kozeny-Zarman relationship:

_ 1801 ="
A (CAETS
Where, dg is the solute diameter and € is the porosity of the cake layer. The cake layer

thickness (1) is given by:

M
[ps(1 —©)A]

l. =

Where, mg is the mass of the cake, pgis the solute density, and A is the membrane surface
area. The mass of the cake is complex to determine but the effective thickness is usually

several micrometers which includes many monolayers of macromolecules®’. Moreover,
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the cake layer thickness depends on the solute type (soft or hard particles) and more
importantly on the operating conditions and time. As the layer grows with accumulating

solutes the flux declines.

The cake layer resistance in case of complete solute rejection (R =100 %) can be obtained

from mass balance:

_ TV
© c.A
Therefore, now the flux can be written as:
j_ldv_ o
CAdt _ﬂ R, +r2:2\v]

Generally, membrane resistance is neglected and the above equation is integrated from t

=0tot=t:

t_ncbrc(V)z
~ 2APc \A

The above equation shows a typical relationship for unstirred dead-end filtration with V =

t%>. The flux behavior can be represented as:

0.5
(BPCe)" s
N Cplec

The equation suggests that the flux decline is determined by the cake layer formation:
several theories have been developed to explain the fouling mechanism for cake
formation but since it is a very complex phenomenon involving contributions from
multiple processes, a single equation cannot be applied. However, a simplified empirical
equation below is often used because it has contributions through the variable exponential

factor:
] =Jot" n<o

Where, J is the actual flux, Jois initial flux, and n is the function of the cross-flow velocity.
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Membrane fouling is a complex phenomenon with multiple dependent physical and
chemical parameters such as concentration, temperature, pH, ionic strength, and specific
interactions: dipole-dipole, hydrogen bonding. The membrane fouling experienced by the
membrane as a result of membrane-particle interaction was first studied by Hermia®.
Hermia related flowrate (Q) and time (t) to identify and distinguish four models of fouling

patterns as shown in Figure 2.12.
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Figure 2.12. Fouling patterns during particle filtration: (a) complete blocking, (b) standard blocking, (c) intermediate
blocking, and (d) cake layer formation®*

Flux decline is typically analyzed based on one of the classical fouling models caused by
pore blockage, by accumulation of particles on the upper surface of the membrane, or due
to adsorption within the pore structure. Table 2.1 summarizes the governing equations for
each model expressed in terms of the filtration time (t) and cumulative volume (V) for
the flowrate (Q) at constant pressure operation and the transmembrane pressure (P) at

constant flow operation.

Table 2.1. Governing equations for the classical fouling models at constant pressure and constant flow rate operation?

Constant pressure Flow rate Linearized form
Q
Pore blockage Q_ = exp (—fBt) In(Q) =at+b
0
: Q . 1
Intermediate blockage — = (1+4pt)" —=at+b
Qo Q
- _2 t
Pore constriction — = (1+pBY) —=at+b
Qo \%
. Q 1 t
Cake filtration —=(1+pt) 2 —==aV+b
Qo \%

25



Constant flux Pressure Linearized form

P 1 1
Pore blockage P_o =(1-pt) 2 pz=a- bV
) P 1
Intermediate blockage b= (1—-pH)t s=a- bV
0
P 1
Pore constriction — = (1—Bt)2 —S=a—bV
P 13
. P
Cake filtration P 1+t P=a+DbV
0

For all equations it is assumed that the fouling rate is proportional to the aggregation of
foulant at the membrane, without any back-transport or detachment mechanisms. The
deposition of foulants on the external surface of the membrane leading to additional flow
resistance is explained by cake filtration model. In the rest of the fouling models, the
membrane pores are assumed to be parallel array of uniform cylindrical pores. Reduction
of the pore size upon fouling within the membrane occurs in the pore constriction model.
The standard and intermediate fouling models assume clogging of the pores by the
foulant, where particle superposition takes place on the external membrane surface in the

intermediate blockage model.

However, during the filtration the underlying fouling mechanism is a combination of
fouling patterns. Therefore, simple fouling models are not enough to analyze the flux
decline data. The transition in fouling behavior during the filtration has been reported by
Ho and Zydney® with experimental evidence, where the initial flux decline is caused by
pore constriction and/or pore blockage followed by cake layer formation. At the initial
stages of filtration protein aggregates and cell debris deposited on the membrane surface
are assumed to partially allow fluid flow after blocking the pores. As filtration progresses
complete blocking takes place by cake layer formation over the regions that were already
blocked by the initial deposition. The flowrate for the filtration run with transitioning

fouling models was approximated by Ho and Zydney®:

Q Ru .
Q- exp(—pt) + R IR, [1—exp (—PBb)]
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Where Rn = 1/L, is the clean membrane resistance and R, is the growing deposit

resistance:
R, = (R + Rpo)V1 + at — Ry

Where Ry is the initial deposit resistance and a is proportional to the specific resistance

of the growing cake layer.

The combined fouling models for the pore blockage have been extended to include the
effects of the complex pore morphology, including asymmetric structure®® and pore
interconnectivity®® which allows partial fluid flow through the interconnected pores upon

blockage reducing the flux decline.

Although membrane fouling remains a problem for bioprocessing applications®!, recent
developments of composite membrane structures have enhanced particle removal with
high overall throughput. Composite membranes consisting of multiple layers with
different pore size and/or surface chemistry efficiently remove particles by surface
sieving, depth filtration, and adsorption®. Recent reports of transport in composite
membranes and fouling mechanisms®’ provide deeper insights which could potentially

improve membrane performance.

2.5.1.3 Protein binding

Proteins are a valuable ingredient in the biological solution which have high tendency of
adsorption onto the exposed membrane surface due to the high internal surface area. This
phenomenon not only leads to the loss of valuable proteins but also results in reduction
of the membrane permeation rate and influences the membrane retention by affecting the
surface chemistry. Therefore, it is important to evaluate membranes for protein
adsorption. Many have reported the protein adsorption mechanism in the literature®-"!;
however, protein adsorption is still not fully understood. Protein binding is a complex

72,73

phenomenon that depends on multiple factors such as operating conditions’=’~, solution

74-80 81,82

chemistry’+®, surface physiochemical conditions®'#2, and pore morphology®”:3.

Protein binding to the membrane can be explained by understanding the thermodynamics
between foulant, membrane surface, and solvent system. The thermodynamic principle

states that, every system tries to minimize its Gibbs free energy. The protein binding
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process for different surface types in terms of Gibbs free energy is exhibited in Figure

2.13.
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Figure 2.13. Gibbs free energy in stepwise adsorption of protein®

For instance, when water dissolved protein advances towards the membrane surface, its
tertiary structure is disordered and it consequently loses its integrated water molecule
which is accompanied by temporary increase in Gibbs free energy. However, when new
attractive interactions such as electrostatic, hydrogen bonding or van-der-Waals forces
are formed, the Gibbs free energy of the system decreases. Therefore, thermodynamics
drives the protein adsorption which varies based on the physico-chemical surface
properties. Hydrophobic surface show highest gain in Gibbs free energy upon adsorption,
but hydrophilic surfaces manipulate the structure of the approaching proteins due to the
presence of a hydrophilic barrier®. Figure 2.14 demonstrates conformational change in

protein structure upon adsorption.

Figure 2.14. Conformational change of protein structure upon adsorption®

Generally, static adsorption method: simple submerging of the membrane in the protein
solution, and dynamic adsorption method: membrane filtration, have been used to
characterize protein adsorption properties in porous membranes. The different methods
used estimate the contribution of adsorption to the overall filtration resistance are reported

in the literature®”-%, Although Nakamura and Matsumoto suggested different isotherms
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for static and dynamic methods, the effect of flow through the pores on adsorption is not
yet understood due to the difficulty in differentiating between the protein adsorption in

the pores and on the surface.

Fundamentally, the adsorption of proteins onto the membrane surface including within
the pores is determined by the electrostatic and hydrophobic interactions'?. Typically,
membranes with similar zeta potential to that of proteins lead to protein binding’*"778,
Since majority of the polymers used for the manufacturing of the membranes are
hydrophobic, they are typically surface treated with hydrophilic macromolecules or ionic
surfactants to reduce protein adsorption®. Therefore, two different approaches are usually
adopted by the manufacturers to minimize protein binding. First, surface modification of

commonly used membranes such as PES, PVDF, and PTFE. Second, fabrication of

membranes from low protein binding materials.

2.6 Anti-fouling membrane development techniques

Majority of the polymers used for the membrane preparation are hydrophobic in nature
making them susceptible to fouling. Moreover, polymers such as PVDF have very low
surface energy (25 mN/m) resulting in poor wettability by water. It is well known that
hydrophilic surfaces prevent the non-specific interactions with water subsequently
preventing adsorption of foulants on the surface®. PVP is most commonly used polymer
to obtain hydrophilic surfaces for commercial membranes. Because of its hydrophilicity
and biocompatibility PVP is widely used to prevent fouling®! by generating hydrophilic
surfaces. Bi and coworkers®? prepared hydrophilic PVDF membrane by crosslinking PVP
to obtain hydrophilic surface with antifouling properties. Pieracci et al.”* reported
reduction in biofouling upon grafting PVP on PES membrane by photo initiation. Other
than the hydrophilic feature the fouling resistant surfaces can be hydrogen bond
donor®?4, possess surface charge and can be responsive to the external stimuli such as

pH and temperature depending on the functional polymer used for coating.

Polyacrylic acid modified membranes are known for their pH responsive behavior owing
to the deprotonation of carboxyl chains depending on the pH. This behavior has been
exploited to utilize the pH responsive materials for several purposes such as affinity
membranes®®, drug delivery®® and antifouling membranes®’. The pore walls of the porous
membranes grafted with polyacrylic acid can reversibly change the permeability and/or

selectivity by alteration of the effective pore diameter as a result of conformation change
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of the chains as a function of pH. The polyacrylic acid chains grafted on the outer surface
of the membrane can influence the adsorption and fouling properties. Moreover, the pH-
responsive binding or release to and from the chains can be further exploited depending

on the application.

The fouling resistant strategy is mainly based on two mechanisms: the steric repulsion
and formation of the hydration layer as shown in Figure 2.15. Adsorption of foulants on
the hydrogel layer restrains the polymer chain mobility creating unfavorable entropy loss,
therefore making adsorption entropically unfavorable®®. Furthermore, through hydrogen
bonding or ionic solvation a hydration layer is created on the surface that effectively
prevents fouling”. Additional strategies to prevent fouling such as through electrostatic
repulsion can also be implemented by introducing appropriate functional polymers on the
surface.
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Figure 2.15. Two main mechanisms for fouling resistance strategy: (a) steric repulsion driven by entropic instability
and (b) hydration layer formation on the membrane surface upon hydrogel grafting®

This section discusses the widely used techniques to not only overcome fouling but also
to obtain thermally, mechanically, and chemically stable membranes with low
extractables. Although morphological properties such as pore size distribution, porosity,
tortuosity, and thickness have inarguable influence on fouling; the emphasis here is
placed on the hydrophilic modification via various pathways. Versatile methods have
been explored for modification of the membranes in the recent years. Advanced
functional polymers for ‘tailored” membrane synthesis and surface modification of the
base membrane are two important techniques for obtaining fouling resistant hydrophilic

membranes with diverse properties.
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2.6.1 ‘Tailored’” membrane formation

In order to achieve special surface properties in a one-step process using tailored
macromolecules, two approaches can be utilized: membrane preparation from functional
polymer, and addition of a functional polymer as a component during membrane
formation. The first approach results in different bulk properties of the membranes.
Functional graft copolymers of PVDF or fluorinated polyimides reported by Kang et
al.190-102 and the work of Xu et al'®. about acrylonitrile-based copolymers containing
phospholipid moieties could be representative examples of the membrane manufactured
by the first approach. The second approach is particularly attractive to obtain matrix
polymer blends for tailored pore structure and functional polymer blends for tailored
surface properties. The blends with hydrophilic polymers such as PVP are mostly used to
manufacture commercial hydrophilized polysulfone (PSf) or polyethersulfone (PES)
membranes. However, the fraction of PVP can be washed out during the filtration process
with aqueous medium. In biomedical applications such as dialysis these membranes may
cause a critical problem due to release of PVP”!. Customized functional macromolecules
such as surface-active amphiphilic block or comb copolymers from e.g., PEG or a
fluorinated polymer with efficient anchoring offer a promising alternative for membrane
formation!%197, Such membranes were characterized by hydrophilic properties and low
surface energy. The advantage of integration of macromolecular additives into the
membrane manufacturing is that no additional step is required moreover high surface
activity means no additional material cost. However, such membrane in reality is
equivalent of developing a novel membrane: base membrane with functional surface!%%:1%

which could be a complex process for a scale-up.

2.6.2 Surface modification

Surface modification of the membrane intends to minimize undesired (secondary)
interactions (adhesion or adsorption) which lead to fouling, or to introduce supplementary
interactions (affinity, responsiveness or catalytic properties) for enhancing the selectivity
or even establishing a novel separation function''?, Surface coating and surface grafting
are two main categories of surface modification. Figure 2.16 demonstrates PVDF
membrane surface modification by surface coating and surface grafting. Formation of a
reactive coating usually by hydrogel layer formation on the surface is another surface

modification strategy which combines the aspects of coating and grafting.
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Figure 2.16. Representation of surface coating and surface grafting for PVDF base membrane'!”

Surface coating and surface grafting along with the formation of reactive hydrogel
coatings are discussed in detail with demonstrating few examples from the literature in

the following sub-sections.

2.6.2.1 Surface coating

In surface coating, a hydrophilic layer is simply coated on the hydrophobic surface to
improve both the hydrophilicity and fouling resistance. The coated layer binds the base
membrane through physical adsorption, cross-linking, or sulfonation. Several reagents
have been reported for surface coating, for example PVDF membrane was modified by
coating dilute polyvinyl alcohol (PVA) followed by solid-vapor interfacial cross-linking
which resulted in increased water permeability'!'. Hydroxyl (-OH) and sulfonyl (-SO3)
groups are usually incorporated on the surface to obtain negative surface charge that
retains particles smaller than the pore size due to electrostatic repulsions. But these groups
could be oxidized in the air and intense sulfonation could affect the bulk and surface
properties of the membrane decreasing the mechanical strength. In one study, PVP was
introduced on the surface after alkaline modification to purify flavonoids from crude
Gingko biloba extraction'!?. Boributh et al.!'* proposed a combined flow through and
surface flow method to coat both membrane surface and pore walls with chitosan solution.
In most cases glycerol is coated on the modified membrane to maintain the wettability

during the transportation; which can be washed away before the operation.

However, the major problem with surface coating is the instability of the coated layer

because of the weak bonding with the membrane which can be washed away during the
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operation or cleaning process. Furthermore, often reduction in flux is observed due to

unwanted accumulation of coated layer on the surface pores.

2.6.2.2 Surface grafting

In surface grafting, polymer chains are covalently bonded to the membrane surface
offering chemical stability and avoiding delamination of the grafted chains unlike

physical coating''4,

Surface functionalization by grafting can be achieved by grafting single or a mixture of
two (or more) monomers with two different approaches''. ‘Grafting-to> approach
couples polymers to surfaces, while ‘grafting-from’ approach polymerizes monomers
using initiation at the surface. Although, for ‘grafting-to” method polymer to be coupled
can be well controlled by synthesizes but the grafting densities achieved are limited.
Whereas, for ‘grafting-from’ method surface anchored polymers are less controlled but
grafting densities and chain lengths of choice can be obtained under favorable reaction

conditions.

The chemical reactions to graft polymers on the membrane surface can be achieved by
various pathways such as physical activation of chemical reactions using: high energy
radiation (electron beam or gamma rays), plasma, and UV irradiation or chemical
activation, for e.g., redox initiation. Moreover, recently “living”/controlled
polymerization grafting such as atom transfer radical polymerization (ATRP) and
reversible addition-fragmentation chain transfer polymerization (RAFT) have been

widely utilized for better controlled, versatile, and ionic free radical polymerization''-

118

‘Grafting-to’ reactions for introducing macromolecular functional layers on the
membrane surfaces have been carried out by multiple ways in the literature. Direct
coupling on cellulose derivatives!!, polyamides or polysulfones'?’; primary
functionalization on the membrane with amino, carboxyl, or other reactive groups
followed by coupling; adsorption and subsequent physically activated coupling via UV
irradiation'?!!?? or plasma'?3. Usually ‘grafting-to’ reactions are used to functionalize UF
or MF membranes with hydrophilic macromolecules such as PEG or PVP, or with
functional polymers like polypeptides or polysaccharides with an intention to reduce

protein fouling and minimize non-specific binding.
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‘Grafting-from’ reactions almost exclusively utilize radical polymerization reactions in
aqueous or organic medium for surface grafting variety of functional monomers such as
acrylates, acrylamides, or other functional vinyl monomers to obtain interesting surface
properties. Figure 2.17 shows the schematics of some examples of ‘grafting-from’

reaction.
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Figure 2.17. Grafting-from reaction to copolymerize functional monomers on membrane through different initiation
processes: (a) physical excitation with plasma or radiation, (b) radical transfer in the solution generated by external
energy such as heat or light, (c) photoinitiation to start the polymerization''°

In addition to the physical activation (electron beam, UV irradiation, or plasma), graft
polymerization by membrane polymer radicals has also been explored!!*!24, The polymer
radicals in the presence of monomers can be used to create starter radicals'?>>'?7. UV-
sensitive membrane polymers like PES can be directly functionalized via UV excitation
in the presence of monomer, where starter radicals are generated via dissociation of the
main chain'?®13°, Membrane material sensitivity and excitation conditions are the main
limitations for physical activation techniques which under unfavorable conditions cause
undesired changes of membrane morphology and/or uneven modification. Generation of
radicals by chemical methods for functionalization without any external means could be
implemented for membranes in modules. For example, generation of starter radicals via

decomposition of peroxides in a solution containing membrane material'3!!32

. Initially
coupled monomer during functionalization can be used to attach growing polymer during

polymerization in the solution which could yield branched and cross-linked chains!'33.

2.6.2.3 Reactive coating

Formation of an anti-fouling reactive coating typically involves hydrogel layer formation
on the surface. A class of three-dimensional cross-linked hydrophilic polymer networks

insoluble in water are known as hydrogels. In aqueous medium, hydrogel mass consists
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of up to 99% of water due to their tendency of swelling. Hydrogels are highly permeable
and demonstrate less friction with surrounding matter as a result of combination of
characteristics such as high-water uptake, elastomeric rubber-like properties, soft
morphology, and highly porous networks. These features make hydrogel a promising
biocompatible material used in variety of products such as contact lenses, diapers, and
biomedical applications with proven anti-fouling properties. The low elastic modulus and
high-water uptake are the crucial contributors in reducing the drag force and surface

energies which subsequently reduces fouling.

The influence of hydrogel layer on the porous membrane performance depends on the
nature of the base membrane (pore size and structure) and hydrogel characteristics (cross-
linking degree, thickness, functional groups). However, for MF/UF hydrogel modified
membranes the resistance due to hydrogel layer is relatively higher than intrinsic

membrane resistance; which results in increased selectivity but decreased permeability.

It is possible to obtain hydrogel layer coating on the membrane surface either via in-situ

polymer synthesis or via coating using the following mechanisms!!?:

1. Adsorption or adhesion of the functional hydrogel layer on the base membrane,

2. Interpenetrating network by mixing the functional polymer and the base
membrane polymer in an interphase, and

3. Interpenetration between the functional polymer and the membrane pore

structure.

The thickness of the hydrogel layer could be significantly higher than the functional layer

obtained by surface modifications through interfacial reactions.

Plasma polymerization, chemical vapor deposition, or sputtering of metals or non-metals
is often applied for membrane modifications. These methods result in a coating restricted
to the outer surface of the membrane resulting in a composite membrane'3*!3°, Further

136

methods from solutions, such as coating with polymers'3®, polycondensation'?’, reactive

138,139

coatings , and electrolytic deposition could be adapted to modify the entire surface

of the membrane including the pores.

A reactive coating strategy was patented by Millipore corp. in 1986 for in-situ cross-

linking copolymerization of acrylate monomers to hydrophilize microporous
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hydrophobic membranes (e.g., PVDF, PP) at the industrial scale®. Permanent
hydrophilization by formation of a thin polymer layer takes place through interpenetration
of added polymer network and base membrane pore structure with a possibility of

coupling via radical reactions at the surface.

A relatively new method based on supramolecular assembly is layer-by-layer adsorption
of polyelectrolytes. This method is characterized by vertical organization and
stabilization of the layers in addition to the possibility to manipulate both outer and

internal layer structures on variety of base materials'4°.

2.7 Surface initiated redox polymerization

Free radicals are required to initiate the chain growth in radical polymerization. Free
radicals are generated as a product of the initiation reaction from the initiating system
mainly by two pathways: homolytic decomposition of the covalent bonds by energy
absorption and electron transfer to ions or atoms containing unpaired electrons followed
by bond dissociation in the acceptor molecule (redox initiation)!'*!. Redox initiation has
several advantages over homolytic decomposition such as short induction period,
relatively low activation energy, favorable mild reaction conditions, less probability of

142 For these reasons redox

side reactions at mild conditions, and high yield in short time
initiation is favorable to implement at the industrial level with low operational costs. This
section discusses the reaction mechanism involved in redox initiated polymerization and
elaborates on the industrial aspect for the development of functionalized membranes at

large scale.

2.7.1 Reaction Mechanism

The initiating system for redox initiation involves an oxidant (initiator) and a reducing
agent (activator). Typically used oxidants consist of peroxides, persulphates, and
permanganate. While typically used reducing agents are salts of metals like Fe?*, Cu?",
Cr?*, Co?", etc., oxyacids of sulphur and hydroxy acids. For fundamental studies for
initiating radical polymerization in the aqueous medium the redox initiating system of
peroxide and iron salts also known as Fenton’s reagent has received special attention and
has been widely adopted in many studies. In this section, one established variant of
Fenton’s reagent initiated radical polymerization to obtain reactive coating on the

membrane surface has been explored and explained in more detail. The process involves
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pre-forming a coating layer on the substrate with a cross-linking agent and hydrogen
peroxide (initiator) prior to the introduction of iron chloride (activator) and monomers to

initiate the chain-growth at the surface.

Iron chloride dissociates into ferrous ions in aqueous solution and a spontaneous redox
reaction between H,O, and Fe?" generates hydroxyl radicals as a result of redox potential
difference. The reaction mechanism involves an electron transfer from ferrous ion to the
peroxide dissociating the oxygen bond and generating hydroxyl radical'** (see Figure
2.18). The difference in potentials of Fe?* (E° (Fe**/ Fe**) =+ 0.77 V vs SHE) and H,0,
(E° (H,02/HO") = + 0.80 V vs SHE) is the thermodynamic driving force for the electron

transfer 144,

Fe* 4+ HO—OH —> Fe + HO + HO'

Figure 2.18. Fenton reaction: dissociation of hydrogen peroxide by ferrous ion

Initiating system of H,O, and Fe?*, first reported by H. J. H. Fenton in 1894 ' is widely
used for polymerization of several vinyl monomers in an aqueous medium'#-143 in the
presence of sufficient monomers. Peroxides are a well-known source of radicals in the

presence of metal ions '¥.

The generated hydroxyl radicals very reactive and short-lived '>°, thus rapidly react with
the surrounding organic substrates. Highly reactive HO" also reacts with non-specific
organic/inorganic substrates present in the reaction mixture resulting in various
competitive processes (see Figure 2.19) inhibiting polymerization '3'~134, Hebeish et al.!>
argued that equation (ii) in Figure 2.19 occurs to a great extent when H>O» is present in
large excess compared to Fe>*. Moreover, Fe’" ions generated through the reactions can
react with hydroxide anions (HO ) forming insoluble ferric hydroxide which further

reduces polymerization efficiency by consuming ferrous ions'#4.
. 2+ - <4+ F 3+

(i)
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HO 4+ HO—OH — H,O + HO—O'
(i)
HO" + HO® —> HO—OH

(ii1)

Figure 2.19. Side reactions occurring during the polymerization which reduce the polymerization efficiency
Ascorbic acid is a good electron donor!*¢ that acts as a regenerating agent by reducing the
inactive ferric ions back into the active ferrous ions as shown in Figure 2.20. This helps
in maintaining the number of ferrous ions available for decomposing hydrogen peroxide
to create hydroxide radicals. Therefore, ascorbic acid often is used as an additive in the

reaction mixture to increase the efficiency of polymerization.

OH OH
0] 0]
+ O +
HO =0 + 2 Fe’ — HO = + 2 Fe’
- 7N\
HO OH J N
Ascorbic acid (Vitamin C) Dehydroascorbic acid

Figure 2.20. Regeneration of ferrous ions by ascorbic acid

In case of a porous membrane as a substrate, pre-formed coating prior to polymerization
takes place by physical absorption of hydrogen peroxide and the cross-linking agent in a
wetting solvent. Upon introducing the ‘wet’ membrane in the monomer solution
containing iron chloride, hydrogen peroxide present in the membrane matrix diffuses out
in the bulk while ferrous ions diffuse from the bulk into the membrane matrix. The Fenton
reaction is initiated at the membrane interface where H,O, and Fe?" meet during
diffusion'®’. The highly reactive hydroxide radicals are formed at the interface. The short-
lived HO® rapidly react with surrounding organic substrates: cross-linker and monomers
near the interface generating starter organic radicals (R") which react with surrounding
organic molecules to initiate the chain-growth!'>® on the membrane surface. The growing
chain propagates from the interface through cross-linking monomers and forming a layer
of polymer chains on the surface and within the pore wells. The growing chain terminates

by disproportionation or combination of radicals.
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The redox initiated radical polymerization presents a relatively simple post-treatment
approach for membrane functionalization. Although, functionalization takes place in two
steps, no external source of energy is required and reaction occurs under favorable
conditions. More importantly, wide range of substrates, cross-linkers and monomers
capable of participating in polymerization either via hydrogen abstraction or addition can

be utilized for functionalization.

2.7.2 Industrial aspect: new product development

Several approaches have been adopted by the industries for developing functionalized flat
sheet membranes to be utilized in various pharmaceutical products. The functionalization
is typically carried out as a post treatment of the base material. Radical polymerization is
widely used to obtain reliable functionalized membranes via numerous pathways such as
UV, redox initiation, and heat. From an industrial aspect, the emphasis is given on cost
reduction for producing such membranes. Batch and continuous processes are two types
of industrial processes used for post treatment. Batch process involves batch wise
modification of the base material in the designated industrial line or a module. Whereas,
continuous process involves roll to roll modifications of the base membranes as they are
produced; either as a continuation of the same industrial line or in a different industrial
line. The continuous roll to roll process is preferred because it is faster and robust, and

can modify large quantities of membranes in a short time.
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3 MATERIALS AND METHODOLOGY

3.1 Chemicals and membrane materials

Table 3.1. List of chemicals used in this work

Chemicals Abbreviation Manufacturer
2-Hydroxy ethyl methacrylate HEMA Evonik

Acetic acid >99.8% CH3COOH Honeywell Fluka
Acetone (CH3).CO Carlo Erba
Acrylic acid AA Acros Organic
AdvanStain Ponceau S dye Ponceau S Advansta
Ammonium hydroxide NH4OH Sigma Aldrich
Bovine serum albumin BSA Sigma Aldrich
Butanol C>HsOH Merck

Butyl acetate 99.7 % CsH1202 Sigma Aldrich
Copper (II) sulfate pentahydrate CuS04.5H20 PanReac AppliChem
Cyclohexane CsHi2 Sigma Aldrich
Dimethyl acetamide DMAC Brenntag
Dimethyl formamide DMF Sigma Aldrich
Dimethyl sulfoxide DMSO Sigma Aldrich
Ethanol absolute C>HsOH PanReac Applichem
Ethyl acetate C4Hs0, VWR chemicals
Ethylene glycol dimethacrylate EGDMA Evonik

Gasoline Gas Brenntag
Glycerol C3Hs0s Carlo Erba
Hexane CsHi4 Carlo Erba
Hydrochloric acid HCI Riedel-de-Haen
Hydrochloric acid min. 37 % HCI Riedel-de Haen
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Hydrogen peroxide 40 %

Iron chloride tetrahydrate
Isopropanol

L (+) Ascorbic acid

Latex beads, polystyrene -COOH 0.22um
Methanol

Poly(acrylic) acid

Polyethylene glycol

Polyvinyl pyrrolidone 10 kDa
Potassium Chloride

Potassium hydroxide

Potassium iodide

Potassium permanganate

Sodium dodecyl sulfate 85 %
Sodium hydroxide

Sulfuric acid 96 %
Tetrahydrofuran

Toluene

Tri- Ethylene glycol dimethacrylate

Triethylamine

H>0»
FeCl2.4H>O
IPA

Vit C

PS
CH;0OH
PAA
PEG 400
PVP

KCl

KOH

KI
KMnOg4
SDS
NaOH
H>SO4
C4H30
CsHsCH3
TrGDMA

CeHisN

Carlo Erba
Carlo Erba
Brenntag

Acros Organic
Polyscience Inc.
Sigma Aldrich
Sigma Aldrich
Fluka

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Carlo Erba
Carlo Erba
Acros Organic
Riedel-de-Haen
Carlo Erba
Riedel-de-Haen
AnalaR

Evonik

Riedel-de-Haen

In this work, in-house PVDF flat sheet membranes with a polyester support produced by
GVS via non-solvent induced phase separation pathway'*® were used as the base material
for all the post treatments. The base membranes used in this work had varying nominal
pore sizes - 0.1 um, 0.2 um, 0.45 pm, 0.8 um and 1.2 pum - within the microfiltration
range. However, 0.45 pum nominal pore size was chosen for the detailed study and

consequent prototype development. The base membrane properties will be discussed in

detail in section 5.1 and 5.6.
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The hydrophilic membranes widely used for bio-separation applications: 0.22 um
Durapore, Millipore and 0.22 um PES, Millipore were considered for the comparison
study. Durapore membrane is produced by a polymerization post treatment of an
unsupported PVDF membrane!%® making it highly relevant for comparison. According to
the survey conducted among the project partners working with isolation of extracellular
vesicles in this consortium and based on the literature®>'%!, PES membranes are used in
multiple filter devices such as centrifugal filters and syringe filters for concentration or

purification of bio-fluids.

Durapore, Millipore, PES, Millipore and prototypes developed in this work demonstrate
different physico-chemical surface properties due to their varying morphology, structure
and chemistry, which will affect the membrane performance. The differences in the
membrane properties and performance will be discussed in more details in the section

5.6.

3.2 Membrane functionalization

The post treatment methodology was designed to have a robust, versatile, fast, and
scalable functionalization pathway. The membrane functionalization was performed with
a “two-step graft coating polymerization” methodology which combines the
characteristics of dip-coating and graft polymerization to obtain membranes modified
throughout the porous structure without narrowing or blocking of the pores within few

minutes. Figure 3.1 shows each step involved in the membrane functionalization

methodology.
W 1. Cross - linker 1. Polymer / monomer
%f% 2. Initiator 2. Activator
o Grafted
f polymer
»0 Step 1 Step 2 C 1. Washing b7 %2 g
< / &' 2. Drying é% /
PVDF base ‘membrane Absorption of reagents Polymerization Functionalized
membrane

Figure 3.1. Two-step graft coating polymerization methodology used for membrane functionalization

In the first step, a 44 mm diameter PVDF base membrane disk is immersed in 35 mL
“solution 1” containing the cross-linker and an initiator: hydrogen peroxide (6 wt.%)

dispersed in isopropyl alcohol (IPA) for 2 min 30 sec allowing absorption of the reagents.

42



In the second step, the same membrane disk was immersed in 35 mL “solution 2”
containing a polymer, an activator: iron chloride (FeCl,.4H>O) (0.28 wt.%) and ascorbic
acid (Vit C) (1 wt. %) dispersed in RO water for another 2 min 30 sec allowing enough
time for the polymerization to take place. After the polymerization the modified
membrane is placed in a 50 mL 0.1 wt.% surfactant (SDS/ALS) solution for 5 min to
remove unreacted chemicals from the membrane. And as a final washing step the
membrane disk is then placed in 50 ml RO water overnight to washout the surfactant
solution before drying in the oven at 80°C for 30 min. The beakers containing solutions
were placed inside a shaker at 100 rpm at the room temperature. For each formulation six
disks were modified at a time using six different beakers for each solution. The
concentration of cross-linker and polymer and consequently the solvents were varied
based on the experiment, whereas the concentration of other reagents (mentioned above)
was fixed based on the previous study'®? and preliminary experiments. In this work, two
different cross-linkers and three different polymers — one long chain polymer and two
monomers - were studied as shown in the Figure 3.2. The effect of type of cross-linker,
monomer, polymer and their concentration is discussed in details in the sections 5.3, 5.4

and 5.5.

Polymers

Polyvinyl
pyrrolidone

Cross-linker 1 (PVP)

Ethylene glycol
di-methacrylate
(EGDMA)

PVDF Acrylic acid
Base membrane (AA)

Cross-linker 2

Tri-ethylene glycol
di-methacrylate
(TtGDMA)

2-hydroxethyl
methacrylate
(HEMA)

Figure 3.2. Membrane functionalization approach used in this work: each cross-linker was paired with each available
polymer where the concentrations of both cross-linker and polymer were varied to find the right formulation
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The modifications were performed on supported PVDF base membrane with nominal
pore size of 0.45 um unless stated otherwise. The formulations used for the study of each

are mentioned in the tables below:

1. PVP: For each chosen PVP concentration 3 modifications were performed by selecting
different EGDMA concentrations. In total 9 modifications were performed for PVP —

EGDMA.

Table 3.2. EGDMA-PVP formulation for membrane modification

EGDMA (wt. %) PVP (wt. %)
5 5 10 20
10 5 10 20
15 5 10 20

2. AA: For acrylic acid additional two sets of formulations with lower EGDMA

concentration were introduced and in total 15 modifications were performed.

Table 3.3. EGDMA -acrylic acid formulation for membrane modification

EGDMA (wt. %) Acrylic acid (wt. %)
1.25 5 10 20
2.50 5 10 20
5.00 5 10 20
10.00 5 10 20
15.00 5 10 20

The same formulation was replicated with the different cross-linker — TrGDMA.

4. HEMA: For HEMA additional two sets of formulations with lower EGDMA

concentration were introduced and in total 15 modifications were performed.
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Table 3.4. EGDMA-HEMA formulation for membrane modification

EGDMA (wt. %) HEMA (wt. %)
1.25 5 10 20
2.50 5 10 20
5.00 5 10 20
10.00 5 10 20
15.00 5 10 20

The same formulation was replicated with the different cross-linker — TrGDMA.

In addition to the above-mentioned formulations, modification study without polymer

was also performed to understand the effect of cross-liker alone.

The goal of performing these set of lab modifications was to identify the best formulation
with suitable cross-linker & polymer pair in terms of its desired properties and

performance.

3.3 Industrial upscaling

The industrial upscaling was performed for the HEMA modification with the formulation
shown in the Table 3.5. The formulation was chosen after analyzing multiple the

properties and performance of the multiple modifications carried out in the lab.

Table 3.5. Industrial trial formulation for the modification of HEMA

Solution 1 [wt. %] Solution 2 [wt. %]
H>0> EGDMA IPA HEMA  FeCh.4H,O VitC RO water
6 1.5 92.5 6.5 0.28 1 92.22

The industrial upscaling was also performed for the acrylic acid modification with the
formulation shown in the Table 3.6. The formulation was chosen after analyzing multiple
the properties and performance of the multiple modifications carried out in the lab.
However, the work in this thesis includes the further investigations only with HEMA

industrial trial due to the time constrain.
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Table 3.6. Industrial trial formulation for the modification of acrylic acid

Solution 1 [wt. %] Solution 2 [wt. %]
H>0> EGDMA IPA AA FeCl,.4H.O Vit C RO water
6 2.5 91.5 10 0.28 1 88.72

WATER
SPRINKLER

OVEN
DRYING

BASE MODIFIED

MEMBRANE MEMBRANE|
TANK 1 TANK 2 TANK 3 TANK 4
ADSORPTION SURFACTANT WATER
OF REAGENTS POLYMERIZATION WASHING WASHING

Figure 3.3. Schematics of the industrial post treatment line at GVS Filter Technology

The industrial line used for the post treatment with HEMA consists of 4 tanks of 60 L
capacity through which the base PVDF membrane of 60 cm width is passed through with
the help of a rollers at the speed of 0.7 m/min. Tank 1 contains solution 1, tank 2 contains
solution 2, tank 3 contains 0.1 % ALS and tank 4 contains RO water after which
membranes is dried at 85°C in the oven before collection. Additionally, sprinklers are
installed to further make sure removal of excess of surfactant and avoid contamination of
tank 4. The trials were performed with 50 mts. of the membrane after which the efficiency
of the modification was reduced. During the post treatment with membrane rolls more
than 50 mts. solutions in the tank 2, 3 and 4 are renewed in a timely manner. The

schematics of the industrial line for post treatment is shown in the Figure 3.3.

3.4 Polymer characterization

Visual inspection was used to characterize the polymerization taking place in the second
step of the methodology. The bulk polymerization solution obtained upon addition of
solution 1 to solution 2 was investigated without the introduction of the membrane. The
first study was carried out for four different types of polymers with EGDMA and followed
by the second study with TrGDMA. The following three polymers were used in this
study:
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a. Polyvinyl pyrrolidone (PVP)
b. Acrylic acid monomer (AA)
c. 2-hydrox ethyl methacrylate (HEMA)

For each chosen concentration of polymer four different concentrations of cross-linkers
were investigated. The concentrations of polymer and cross-linker used are shown in the
Table 3.7. The concentration of hydrogen peroxide (6 wt.%) in solution 1 and iron
chloride (FeCl».4H>0) (0.28 wt.%) and ascorbic acid (Vit C) (1 wt. %) in solution 2 was
always kept constant whereas solvent concentration (IPA & RO water) was varied

according to the cross-linker and polymer.

Table 3.7. Polymer and cross-linker concentrations used for the visual inspection tests

Polymer [wt. %] Cross-linker [wt. %]
5 1.25 2.5 5 10
10 1.25 2.5 5 10
15 1.25 2.5 5 10

Once the solutions were prepared according to the formulation mentioned above, 10 ml
of solution 1 was added to the 10 ml of solution 2 in a 100 mL beaker and a picture was

taken after allowing two solutions to react for 15 min.

3.5 Membrane characterization

3.5.1 Hydrogel grafted

The amount of hydrogel grafted was quantified by weighing the samples in both dried
and hydrated form. The samples were dried inside a climatic chamber (DY110 C,
Angelantoni test technologies, Italy) at 80°C without moisture until the constant weight
was obtained. This measurement determines the surface density of the coating throughout

the porous structure. The hydrogel grafted was calculated according to the formula:
HG =1 Wy — W) /S
[cﬁ] = (Wgq — W)/ (1)

Where Wy [mg] is the weight of the dry modified sample, Wo [mg] is the initial weight

of the unmodified sample and S [cm?] is the area of the sample.
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3.5.2 Water uptake

The water uptake for samples was measured to understand the ability of modified
membranes to hold water in the porous structure. The hydrated state weight of the samples
was measured after immersing samples 24 h in RO water at room temperature and
removing the excess water from the surface using absorbent paper. Then the samples were
dried at a constant temperature of 80°C in the climatic chamber (DY 110 C, Angelantoni
test technologies, Italy) without moisture until a constant dried weight was reached. The

amount of water uptake was measured using the formula:

Water uptake [%] = ((Weq - Wd)/(Wd)) x 100 % (2)

Where Weq [mg] is the weight of the sample with absorbed water at equilibrium and Wy
[mg] is the weight of the dry modified sample.

3.5.3 Porometry

The efficiency and the effectiveness of the filtration is governed by the pore structure of
the membrane. Porometry is a technique capable of measuring all the pore structure
characteristics relevant to filtration such as pore size distribution, number of pores, largest
pore size, etc. The measurement consists of impregnation of the porous samples with a
wetting liquid and subsequent displacement of the wetting liquid with a non-reacting gas
at increasing pressure. Wetting liquid with low surface tension is used which reduces the
liquid-solid interfacial free energy allowing it to spontaneously fill the membrane pores.
The pressure required to displace the wetting liquid from the pores is given by the Young-

Laplace equation:

4 vy cosO
b _ 4ycosd

= G)

Where P is the pressure required to displace the wetting liquid from the pore, y is surface
tension of the wetting liquid, 6 is the contact angle liquid with the pore surface and D is
the pore diameter. The gas flow rate through the wet sample at low pressure is zero as all
the pores are blocked by the wetting liquid. With increasing pressure, the bigger pores
followed by smaller become empty and the gas starts flowing through the pores. At
sufficiently high pressure all the pores become empty and the flow through the wet sample

becomes equal to the dry sample. Based on the pressure applied and the gas flow rates
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during the software calculates the pore diameter, pore distribution, gas permeability and
porosity!'®. The Figure 3.4 shows the flow through the wet sample and dry sample during

the porometry measurement.

Increasir ngo.. Pressure Incroasing o. Pressure hgmm(h s Prossure

Sample s-npu

Mnghq uid \
Onﬂow Onﬂw-BIo: od me c.-flw- c.nﬂw-
Wet Sample

Dry Sample

Figure 3.4. Flow of gas through dry sample and wet sample during the porometry measurement'®®

In this work the porometry measurements were performed using Porometer 3G
(Quantachrome). First a flat sheet membrane disk of 25 mm diameter was cut and its
weight and thickness were measured. Then the disk was immersed in the wetting liquid
(Porofil) and the excess liquid was removed using a tissue; the weight of the wet disk was
measured before placing the disk inside the porometer holder. All the required
information was filled in the software such as the pressure range, dry weight, wet weight,
thickness, and the measurement was started. The instrument first plots the wet curve
followed by the dry curve once all the wetting liquid has been displaced by the pressurized

air. Figure 3.5 shows a typical representation of the porometry plot after the measurement.

A

Dry curve

Wet curve

Flow rate (L/min)

Half dry curve
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>

N
First bubble point (largest pore) Pressure (psi)

Figure 3.5. Representation of a wet curve and dry curve'®*

3.5.4 Water flow rate

To evaluate the permeance of the modified membranes water flow rate measurements

were performed for all the membranes using RO water. The membrane disk of 25 mm in
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diameter was placed in a syringe filter holder and connected to the outlet tube with a
digital manometer to adjust the differential pressure. The water flow rate measurements
were performed at a differential pressure of 0.5 bar. Before each measurement membranes
were stored in water overnight and RO water was pushed through the membrane at 1 bar
for 5 minutes to ensure no air bubbles are trapped and to wash out the contaminants.
During the water flow rate measurement RO water (permeate) was collected at least 5
times every 1 min. Average of at least 3 disks from the same sample was reported. The

following formula was used to calculate the water permeance:

ml AV

= 4
bar. cm?2. min] AP.A.T “)

Permeance |;

Where AV [mL] is the amount of volume of RO water collected in 1 minute, AP is the
differential pressure across the membrane — 0.5 bar, A is the effective active area of the

membrane — 4.15 cm? and T is the time of flow — 1 min.

3.5.5 Scanning electron microscopy (SEM)

Scanning electron microscope produces high resolution images of the surface
morphology of the sample. A focused beam of electrons is bombarded on a conductive
sample under vacuum at a certain kinetic energy. The interaction of electrons with the
sample can be elastic: electrons are deflected and scattered resulting in back-scattered
electrons (> 90° deflection) or inelastic: secondary electrons are emitted with a different
energy from incident electrons. The secondary electrons and back-scattered electrons
along with X-rays are collected by the specialized detectors to build-up the final image

of the sample surface or other information on the computer display!%3:196,

In this work, EM30 (COXEM) table-top SEM was used to obtain the images of the
membrane surface and Quanta 400 FEG, FEI SEM was used to obtain cross-section
images. The high-resolution images of the modified and unmodified membranes along
with membranes post-particle filtration enabled evaluation of the modification and
filtration process. The samples were sputtered with gold using SPT 20 (COXEM) ion
coater to induce conductivity and avoid accumulation of electrons during the
measurement. The samples for the cross-section imaging were prepared by rinsing and
then freeze-drying in liquid nitrogen before carefully breaking them and placing in the

ion coater.
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3.5.6 Attenuated total reflection infrared spectroscopy (ATR-IR)

Atoms are continuously moving within the molecule without altering the center of mass
and without any rotation. These movements of atoms are called molecular vibrations.
FTIR probes the vibrations of the molecular bonds because infra-red frequencies overlap
with the molecular vibration frequencies. The infrared radiation range typically used for
FTIR is 4000 cm™ to 400 cm™'. When the incident IR light frequency overlaps with the
molecular vibration frequency the energy is absorbed and the molecular vibration moves
to the higher energy state. This results in a characteristic absorption bands that can be

used to identify the presence of corresponding functional groups!'®’.

Sample in contact
with evanescent wave

_—

\ Infrared \ ATR

Beam Crystal

To Detector

Figure 3.6. Working of attenuated total reflection Fourier transform infrared spectroscopy'®®

In this work attenuated total reflectance — Fourier transform infrared spectroscope
(Bruker ALPHA II) was used to detect the functional groups on the chemically modified
and unmodified membrane surfaces. An incident IR beam is directed on to a dense crystal
with high refractive index at a certain angle. An evanescent wave is created upon multiple
internal reflectance which interacts with the sample in contact with the crystal. The wave
is absorbed by the sample surface (0.5 — 5 um) and reflected back through the crystal on
to the detector'®®. The schematics of the working of ATR-FTIR is shown in Figure 3.6.
The samples were washed and dried before the measurement and every sample’s top layer

was scanned 32 times in the range of 4000 cm™' to 400 cm™! with the resolution of 1 cm™'.

3.5.7 Zeta potential

Membrane surface charge is an important property contributing to fouling and adsorption.
All polymeric membranes carry ionizable features at the surface as a result in an aqueous
solution membrane surface carries a charge whose magnitude depends on type of group
on the surface, environmental pH and ion concentration. Zeta potential indicates the
actual surface charge of a solid surface in contact with liquid. At the solid-liquid interface,

the development of a net charge affects the distribution of ions in the surroundings
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forming an electrical double layer, this leads to the formation of streaming potential as

shown in the Figure 3.7.
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Figure 3.7. Processes which lead to the formation of the streaming potential: a) electrical double layer at a charged
surface; b) electrolyte flow causes a streaming current, Is, to arise; ¢) accumulation of ions downstream; d) direction
of the flow of the leak current'®’

The high concentration of counter-ions at the surface form an immobile Stern layer
beyond which the ions are free to move forming the diffuse Gouey-Chapman layer.
Actual membrane surface potential is complicated to measure due to the highly attractive
Coulomb interactions at the surface, therefore zeta potential is measured at the shear plane

as shown in the Figure 3.8!7°,

membrane HP OHP bulk solution
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Figure 3.8. The shear plane separating the inner Helmholtz plane (IHP) and the outer Helmholtz plane (OHP) beyond
which diffuse layer exists in the bulk solution. The zeta potential at the shear plane decreases with the distance!”!

When an electrolyte is pumped using an external pressure either tangentially (across a
narrow channel of 2 membranes surfaces) or transversely (through the porous structure),
the diffuse layer will move in the direction of the flow generating streaming current and
consequently streaming potential. Conduction or leak current in the opposite direction is

generated as counter-charges accumulate downstream. At equilibrium, leak current
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counter-balances the streaming current and the measured potential difference across the

1172,]73

membrane at this point is the streaming potentia . Helmholtz-Smoluchowski

equation which relates zeta potential to the streaming potential and the applied pressure

is given by!74175:;

‘= AR (5)
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Where C is the zeta potential, ap S the slope of streaming current versus pressure

difference, n and €g, are the viscosity and dielectric coefficient of the electrolyte solution,
L is the height of the streaming channel, A is the cross-section area of the streaming

channel and R is electrical resistance of the channel.

All the zeta potential measurements for the modified and unmodified membranes were
performed tangentially using SurPASS electrokinetic analyzer (Anton Paar). Flat sheet
membrane samples were cut into 2.5 mm disks and immersed in ImM KCI solution
overnight before the measurement. The samples were fixed on the holders and the channel
gap was adjusted to 100 + 5 nm and the measurements were started at around pH 2 with
1 mM KCI as the electrolyte solution with 400 mbar as the differential pressure. After
each measurement the pH was adjusted by automatically using 0.1 M KOH solution and

zeta potential was determined until pH 11.

3.5.8 Contact angle measurement

The contact angle measurements were performed to investigate the hydrophilicity of the
membrane surface. Contact angle represents degree of wetting when solid and liquid
interact. Low contact angle (< 90°) corresponds to high wettability while high contact
angle (> 90°) corresponds to low wettability!’s. The change in contact angle at the
membrane surface with time was measured using OCA 15EC goniometer (Data physics)
via sessile drop method and final measurements were recorded in terms of total wetting

time.

Modified and unmodified membrane samples were fixed on a glass slide using a double
tape and 5 pl of RO water was dosed onto the sample using a Hamilton syringe at room

temperature. Measurements were performed at least 3 times at different spots for each
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sample. The movement of the drop was recorded using the device camera and the contact

angle was analyzed using the software with Ellipse fitting calculations.

3.5.9 Energy dispersive X-ray (EDX) spectroscopy

EDX spectroscopy is capable of detecting elements with atomic number higher than
Boron with at least 0.1 % concentration using scanning electron microscope. It can be
used to detect elemental composition, identification and evaluation on the surface and
through the cross-section. When a beam of electrons in the SEM interacts with the sample,
it excites an electron form the nucleus of the atom, ejecting it from the nucleus and
creating a whole. A higher energy electron from the outer shell replaces the missing
electron releasing the superfluous X-rays. The X-rays generated are unique to each

element which can be measured and differentiated for its concentration in the sample!'.
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Figure 3.9. Principle of EDX measurement'”’

In this work Apreo S LoVac (Thermo Fischer) was used to identify and map the
concentration of copper throughout the cross-section of the membranes with different
pore sizes. EDX spectroscopy was used to investigate the variation of acrylic acid
concentration through the cross-section of the modified membranes. Base membranes
with pore size 0.1 pum, 0.2 um, 0.45 pum, 0.8 um and 1.2 um were modified with acrylic
acid using the methodology mention in section 3.2. The composition of modifying

solution is shown in Table 3.8.
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Table 3.8. Formulation of the solutions for the modification of membranes with different pore sizes

Solution 1 [wt. %] Solution 2 [wt. %]

EGDMA  H:;O» IPA | Acrylic acid Vit. C FeClb.4H.O RO water

2.5 6 91.5 10 1 0.28 88.72

Each modified membrane disk with 25 mm diameter was immersed in 25 ml of 0.4 mg/ml
copper sulphate pentahydrate solution for 24 hrs. at pH 7. This allowed enough time for
dissociation of carboxylic groups enabling copper to attach. After which each disk was
placed in a syringe filter holder and washed by pushing 10 ml of RO water 3 times to
remove unbound copper. Then the disks were allowed to dry at room temperature. Finally,
the disks were immersed and rinsed in liquid nitrogen to break them for the measurement.
PVDF base membrane of nominal pore size 0.45 um and a HEMA modified membrane

of 0.45 um was used as a reference.

3.5.10 Flux at different pH and effect of drying

Membranes modified with acrylic acid exhibit pH responsive behavior. At low pH,
carboxyl groups are protonated resulting in volume shrinkage of the polymer. At high
pH, dissociation of carboxylic group results in carboxylate ions with high charge density
causing the polymer chains to swell. The polymer configurational change as a
consequence of pH manipulates the effective membrane pore size and hence the
permeability. The configurational change is a function of the pKa of (poly)acrylic acid

whose value is approximately 4.3 — 4.9178,

For every modified membrane with acrylic acid the permeance was measured with RO
water at pH 3, pH 7 and pH 11 according to the procedure mentioned in section 3.5.4.
Three membrane disks were stored in pH 3 solution for 24 h and the permeance was
measured with RO water at pH 3. The same disks were then stored for 24 h in pH 7 and

pH 11 after which the permeance was measured with pH 7 and pH 11 respectively.

In another set of experiment, the membrane disks were dried at 80°C overnight after the
measurement at each pH. The drying step was introduced to understand the effect of

temperature on the swelling of acrylic acid chains.
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3.5.11 Water Bubble point

The biggest pore opening in the membrane plays a vital role in defining the effectiveness
of the filtration. Water bubble point is performed to determine the pressure at which air
passes through the biggest pore opening in a wet membrane. The pressure is related to

the pore size by Young-Laplace equation:

4 vy cosO
b _ 4ycosd

= ©)

Where D is the pore diameter, y is the surface tension of water, 0 is contact angle of water

with the membrane surface and P is the applied pressure.

The water bubble point was tested on the in house GVS apparatus. The membrane sample
was immersed in RO water overnight to make sure complete wetting of the pores. Then
the wet membrane was placed in the sample holder above which water was filled. The
pressurized air was pushed through the membrane by increasing pressure constantly. The

pressure was recorded as the water bubble point at which the first air bubble was spotted.

3.6 Membrane performance characterization

Based on the characterization of the lab modifications performed as per the formulations
mentioned in the section 3.2, nine lab modifications were chosen for the performance
study and compared with the competitor (reference) membranes. The Table 3.9 shows
the details about the selected lab modifications along with the competitor (reference)

membranes.

Table 3.9. List of selected lab modifications and reference membranes for the performance study

Membrane Cross-linker Polymer [%]  Manufacturer Pore size
code [wt.%] [um]
AA-1 EGDMA [2.5]  Acrylic acid [5] GVS 0.45
AA-2 EGDMA [2.5] Acrylic acid GVS 0.45

[10]
AA-3 EGDMA [1.25] Acrylic acid GVS 0.45
[10]
HE-1 EGDMA [2.5] HEMA [5] GVS 0.45
HE-2 EGDMA [2.5] HEMA [10] GVS 0.45
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HE-3 EGDMA [1.25] HEMA [10] GVS 0.45

HT-1 TrGDMA [2.5] HEMA [5] GVS 0.45
HT-2 TrGDMA [2.5] HEMA [10] GVS 0.45
HT-3 TrGDMA [1.25]  HEMA [10] GVS 0.45
DM* - - Millipore 0.22
PM™ - - Millipore 0.22

NOTE: the concentration of other reagents in the modification of PVDF base membrane was kept
always the same. "DM is Durapore membrane based on PVDF, “"PM is a PES membrane.

3.6.1 Filtration study

Multiple prototypes with different formulations for HEMA and acrylic acid were obtained
after narrowing down the modifications based on their characteristics such as: amount of
hydrogel grafted, water uptake and permeance. Table 3.9 above shows the list of

membranes considered for the filtration study.

The filtration study was carried out by filtrating 0.26 mg/ml of commercially available
fluorescent dyed -COOH labelled polystyrene particles of 200 nm provided by
PolyScience Inc. The size and the surface charge of the particles was measured using
DLS according to the procedure mentioned in section 3.6.2. The characteristics of the

feed solution used for the filtration study in shown in Table 3.10.

Table 3.10. Polystyrene (PS) particle characteristics

Particle type Size [nm] Charge [mV] Particle concentration

[particles/ml]
Fluorescent
PS (-COOH 218 +3 -45+5 5.68*%10el2
functionalizaed)

44 mm diameter of the sample was placed inside a 50 ml 1050 Amicon cell (Millipore).
The Amicon cell was connected to a pressurized reservoir tank. The pressure was
monitored using a digital manometer; the schematics of the filtration set-up is shown in

Figure 3.10.
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Figure 3.10. Schematics of the filtration set-up

Initially, membrane compaction was performed at 1 bar for 10 minutes with RO water.
This step also washed out the contaminants in the system and membrane. Then the water
permeance was measured by collecting and weighing the filtered RO water every two
minutes at a constant pressure of 0.1 bar for 40 min. The water permeance was calculated

using the formula mentioned below:

\%

Permeance = m @)

Where v is the volume of RO water collected every two minutes [mL] = weight of the
collected water [g], p is the applied differential pressure [bar], A is the active membrane

area [cm?] and t is the time of collection [min.].
The schematics of the comprehensive filtration study is shown Figure 3.11.

Step 3:
Filtration

Step 6:
Fluorescence
spectroscopy

Figure 3.11. Stepwise comprehensive filtration experiments

Sequential filtration was performed in the third step by filtering 50 ml of feed solution at
0.1 bar differential pressure under the influence of stirring at 300 rpm. The permeates
were collected every 3 mL in the pre-weighed glass vials and the time required for each
collection was recorded. The permeance of the filtration for each permeate was calculated

using the equation (7) above. The filtration was continued until 5 mL of retentate was left
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in the amicon cell. To understand the pattern of blocking of the membrane during
filtration, total filtration resistance, membrane resistance and cake layer resistance was
calculated during the sequential filtration as it progressed. The following equations were

used:

1 P
R[5 =
m T]particle . ]particle

(8)

Where Rq is the total filtration resistance, P [Pa] is the differential pressure, Nparticle [Pa.s]
is the kinematic viscosity of the polystyrene particles and Jparticle [m*/m?. s] is the

particle filtration flux.

P

1
o 9
" m nwater : ]water ( )

Where R is the membrane resistance, P [Pa] is the differential pressure, Nyater [Pa.s] 1s

the kinematic viscosity of water and J,,ater [m*/m?. s] is the water flux.

Re [=] = R, — R (10)

Where R. is the cake layer resistance, R; is the total filtration resistance, Rm is the

membrane resistance.

The retentate was collected in a separate glass vial and the amicon cell was washed with
10 ml of RO water at pH 7 by leaving the amicon cell on a shaker for 15 min before
collecting the washed water. The cell was further rinsed with water two more times to

eliminate any unbound particles present on the surface of the membrane.

The water permeance was measured again after filtration and washing step to determine
the drop in permeance due to fouling of the particles during filtration. The drop in

permeance (D) was calculated using the formula mentioned below:

water permeance after filtration
D [%] = ——— x 100 (11)
water permeance before filtration

And finally, the collected permeates, retentate and feed were analyzed by fluorescence
spectrophotometer for determining the particle concentration and consequently

calculating the retention during the filtration.
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C
Retention [%)] = (1 — C—p) x 100 (12)
f

Where C, is the concentration of the collected permeate and Cr is the concentration of the

feed used for the filtration.

The particles trapped in the membrane after filtration were also calculated to monitor

progress of the particles through the system.
Particles in the membrane [%] = f. — py — r — W, (13)

Where, f. is the starting feed particle concentration (100 %), p; is the cumulative
permeate particle concentration, r. is the retentate particle concentration and w, is the

particle concentration in the washing solution.

3.6.2 Particle characterization
3.6.2.1 Dynamic light scattering

Dynamic light scattering (DLS) is a non - invasive optical method used primarily to
measure the size of the particles of polymers, proteins, nanoparticles and colloids in the
sub-micron region (0.3 nm to 10 um)'”. Particles suspended within a liquid are
continuously moving in Brownian motion due to the bombardment of the surrounding
solvent particles. DLS investigates this Brownian motion to calculate the size of the
particles. The size of the particles is calculated based on the translational diffusion

coefficient using the Stokes-Einstein equation'®?:

kT

d (| = 3nmnD

(14)

Where, d(H) is the hydrodynamic diameter, D is the translational diffusion coefficient, k

is Boltzmann’s constant, T is absolute temperature and 7| is the viscosity.

The incident monochromatic laser light is scattered in all directions (Rayleigh scattering)
when it passes through the dispersion due to the differences in the refractive index. The
intensity of the scattered light is detected by the instrument to calculate the translational
diffusion coefficient. The intensity of the scattered light fluctuates depending on the
Brownian motion of the particles. The bigger particles move slowly — low fluctuations

whereas smaller particles move fast — higher fluctuations. Furthermore, two beams from
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the scattered light can interfere either constructively or destructively depending on their
phases. The software uses the correlation function which analyses the fluctuations in the
intensity with time to obtain the size information by using various algorithms. In addition
to the size distribution the instrument also gives an indication about the polydispersity

index (PDI):

If the PDI < 0.1 then the dispersion is monodispersed.
If the PDI > 0.1 then the dispersion is polydispersed.

Although in DLS the size distribution obtained is based on the intensity measurement the
software has the capability to obtain the distribution based on volume and number using

different mathematical approaches!'8!!82,

In this work, the polydispersity index and size distribution of the feed solution was
measured using DLS. 0.26 mg/ml of fluorescent polystyrene particles labelled with -
COOH (Polyscience Inc.) dispersed in RO water were analyzed using Zetasizer Nano ZS
(Malvern Instruments). 750 pL of sample solution was placed in a disposable capillary
cell (DTS1070) and a monochromatic laser light was generated by a He-Ne laser (4 mW,
A=633 nm) with a scattering angle of 173°. The refractive index of particles was assumed
to be similar to polystyrene (1.59). Every sample was measured 30 times, ten seconds

each, to obtain an average value for the hydrodynamic diameter.

3.6.2.2 Zeta potential

Zeta potential is a physical property exhibited by all the particles dispersed in a liquid.
Knowledge of zeta potential helps predict the long-term stability of the dispersion.
According to the DLVO theory, the stability of the dispersion is dependent upon its total
potential energy (V) which is sum of solvent potential energy (Vs), attractive potential

energy (V) and repulsive potential energy (Vg)'3>134:
VT = VS + VA + VR (15)

However, solvent potential energy contributions are negligible compared to the
contributions from Va and Vr which operate over much larger distances. The attractive

potential is given by:
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A
= - 16
Va 12 1t D2 (16)

Where, A is the Hamaker constant and D is the particle separation.

The repulsive potential is given by:
Vg = 2meal?exp(—xD) (17)

Where, where a is the particle radius, © is the solvent permeability, k is a function of the

1onic composition and ( is the zeta potential.

The DLVO theory suggests that the sum of attractive and repulsive forces that exist
between the particles as they move in the solvent due to the Brownian motion determines
the stability of the dispersion. The stronger repulsive forces create an energy barrier
between the particles preventing flocculation. But if the attractive forces overcome the
barrier the particles will adhere and coagulate. The variation of free energy with particle

separation according to the DLVO theory is shown in Figure 3.12.
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Figure 3.12. The variation of free energy with particle separation according to the DLVO theory'®>

Particles carry a charge when dispersed in aqueous media mostly due to ionization of
surface groups or differential loss of ions from the crystal lattice or adsorption of charged
species. As aresult, a net charge is developed at the surface of every particle which affects
the distribution of ions in the interfacial region. This attracts the counter ions from the
solvent close to the surface around each particle forming an electrical double layer: inner

stern layer where the ions are strongly bound and outer diffuse layer where the ions are
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less firmly associated. A notional boundary exists within the diffuse layer in which ions
and particles form a stable entity. When the particles move the ions within the boundary
move it whereas those beyond the boundary stay with the bulk dispersant forming a

slipping plane. The potential at this plane is the zeta potential'”® as shown in Figure 3.13.
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Figure 3.13. Electrical double layer at the surface of the particle and variation in zeta potential with the distance'

The magnitude of zeta potential indicates the stability of the dispersion. If all the particles
have a large positive or negative magnitude, they will tend to repel each other and no
aggregation will take place. However, if the zeta potential is > — 30 mV or <30 mV then
the particles will tend to agglomerate. The factors such as pH, conductivity of the aqueous
solution and concentration of the formulation components play a role in defining the zeta
potential'®”-18 When an electric field is applied to the aqueous media the charged
particles are attracted towards the oppositely charged electrodes. The viscous forces
oppose the movement of the particles, at equilibrium the particles move with a constant
velocity. The velocity of a particle is referred to as its electrophoretic mobility in a unit
electric field. The Henry equation relates zeta potential with the electrophoretic

mobility!7>18%:

_ 2¢eZf(xa)

T (18)

E

Where, Uk is electrophoretic mobility, Z is zeta potential, ¢ is dielectric constant, 1 is

viscosity and f (xa) is Henry’s function which measures the ratio of the particle radius to
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electrical double layer thickness which according to the Smoluchowski approximation is

L.5.

In this work, the zetapotential of the feed solution was measured using Zetasizer Nano
ZS (Malvern Instruments). 0.26 mg/ml of fluorescent polystyrene particles labelled with
-COOH (Polyscience Inc.) dispersed in RO water. 750 puL of sample solution was placed
in a disposable capillary cell (DTS1070) and an electric field of was applied across the
cell. The refractive index of particles was assumed to be similar to polystyrene (1.59).
Every sample was measured 30 times, ten seconds each, to obtain an average value for

the hydrodynamic diameter.

3.6.2.3 Fluorescence spectroscopy

Fluorescence is a type of photoluminescence in which light energy raises an electron to
the one of the various vibrational states in the excited electronic state. The excited
electron loses its energy as a result of collisions with the surrounding molecules until it
reaches the lowest vibrational state in the excited electronic state. Jablonski diagram in

Figure 3.14 explains this phenomenon.

vibrational

4 relaxation
Sl — .
excitation

(absorption)

SO+ |
w v

Figure 3.14. Jablonski diagram explaining the occurrence of fluorescence and phosphorescence'*

Eventually, the molecule comes back to one of the various vibrational states of the ground
electronic state by emitting a photon of lower energy and longer wavelength than the
absorbed photon. Fluorescence spectroscopy analyzes the frequencies of the light emitted
along with their relative intensities. In a typical fluorescence measurement, one can fix
the excitation wavelength and measure the emission wavelength in the region of interest
or fix the emission wavelength and measure the excitation wavelength in the region of

interest!?1:192,
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In this work, fluorescence spectroscopy was used to analyze the particle concentration of
fluorescent dyed polystyrene particles labelled with -COOH (Fluoresbrite® YG
Carboxylate Microspheres 0.20pum, Polyscience Inc.) based on their emission intensities.
These particles with 0.26 mg/ml of concentration were used as the feed for the filtration
experiments and permeates were collected in a sequential manner. Carry Eclipse
fluorescence spectrometer (Agilent Technologies, Santa Carla, USA) with a xenon flash
lamp and a microtiter plate reader was used to perform these investigations. For this
purpose, 350 ul of the sample to be measured was placed in each well of the 96 — well
microtiter polypropylene plate (Greiner Bio-One International GmbH, Kremsmiinster,

Austria).

A calibration curve was obtained to relate the emission intensities with the known
concentrations. The table below shows the concentrations along with the settings used for
the calibration curve. Each measurement was an average of 3 runs and RO water was

used as the baseline for all the measurements.

Table 3.11. The list of dilutions used for obtaining the calibration curve

Dilutions Symbol Concentration [mg/ml] Particles/ml
1 B 26 591E+12
1:100 Fo 0.26 5.91E+10
1:250 Fi 0.104 2.37E+10
1:500 F> 0.052 1.18E+10
1:1000 F; 0.026 5.91E+09
1:2500 F4 0.0104 2.37E+09
1:5000 Fs 0.0052 1.18E+09
1:7500 Fe 0.00347 7.89E+08
1:10000 F7 0.0026 5.91E+08
1:25000 Fg 0.00104 2.37E+08
1:50000 Fo 0.00052 1.18E+08
1:75000 Fio 0.00035 7.89E+07
1:100000 Fi 0.00026 5.91E+07
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Table 3.12. The instrument settings used for the fluorescence measurements

Samples Excitation Emission PMP
Fo—Fs 441 £ 10 486 + 20 425
Fe—Fni 441 £ 20 486 + 20 505

Figure 3.15 shows the calibration curve obtained by using the polynomial fitting. Due to
the non-linear behavior of the standard curve and after a comparison study with other

potential fittings, polynomial fitting was chosen as the best fit.
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Figure 3.15. The non-linear calibration curve obtained for the dilutions. Polynomial fitting used to obtain the equation
3.6.3 Protein binding

The protein binding ability of the membranes was studied by using Img/mL of Bovine
Serum Albumin (BSA) in 0.2 mol/L phosphate buffer solution at pH 7.2. The modified
membranes along with the competitor membranes analyzed in this study are mentioned

in table Table 3.9.

Base PVDF (unmodified) membrane was used as reference to understand the difference
in protein binding before and after modification. The investigation for protein binding
was done in two modes: static and dynamic. However, the protein binding study was

performed only in the static mode on the modified membranes with different pore sizes.
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3.6.3.1 Static protein binding

Static mode experiments were performed by exposing the outer surface of membranes to
the BSA solution. This allowed protein to interact only with the active surface layer by
diffusion. These results were useful to understand the protein — membrane surface
adsorption and effect of the modification. 4.91 cm? (2.5 cm diameter) flat sheet membrane
disk was placed in 5 ml of 1 mg/ml BSA solution (BSA challenge = 1020.41 ug / cm?)
for 1 hr. inside a shaker at 100 rpm at room temperature. Then the BSA solution was
removed, the membrane surface was quickly rinsed 2 times with 5 ml RO water. The

membranes were further analyzed for the amount of protein adsorbed.

3.6.3.2 Dynamic protein binding

Dynamic mode experiments were performed to expose the entire porous structure of the
membrane to the protein solution. Protein solution was filtered through the membrane
allowing it to maximize the interaction points. 4.4 cm in diameter flat sheet membrane
disk was placed in a 50 ml Amicon cell (Amicon 1050, Millipore) without stirrer. First,
the water permeance was measured followed by PBS permeance by filtering 50 ml
volume at 0.1 bar pressure. 17 mg/ml of BSA solution was placed inside the Amicon cell
in contact with 13.85 ¢cm? active membrane area (BSA challenge = 1227.45 pg / cm?) for
1 hr. inside a shaker at 100 rpm at room temperature. The BSA solution was filtered out
through the membrane at 0.1 bar. After which 50 ml of PBS followed by 50 ml RO water
were filtered through the membrane at 0.1 bar. All the measurements are average of at
least 2 runs. The BSA permeance (Pgsa), water permeance (Pyw), PBS permeance (Pp)

before and after were calculated using the following equation:
P=—"—— (19)

Where, P [ml/min.cm?.bar] is the permeance, V [ml] is the permeate volume collected, P

[bar] is differential pressure and A [cm?] is the active membrane area.

The drop in permeance was calculated for RO water and PBS to determine the reduction

caused by the protein adsorption.

P
Drop in permeance [%] = (1 - P—) x 100 (20)
0
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Where, P is the permeance after protein binding and Py is the permeance before protein

binding.
The membranes were further analyzed for the amount of protein adsorbed.

3.6.3.3 Ponceau S protein quantification

The amount of BSA adsorbed by the membrane was further determined by Ponceau S
staining quantification method. Ponceau S is a red colored sodium salt of a diazo dye.
Ponceau S is a rapid and reversible stain mainly used for detecting proteins adsorbed by
PVDF, nitrocellulose and cellulose acetate membranes. It is a negative stain which readily
binds to positively charged amino groups of the protein as well as binds non-covalently
to non-polar regions of the protein'®?. It has a low limit of detection and can detect up to

100 ng of BSA adsorbed onto nitrocellulose membrane'*,

The methodology described here was taken from previous work done by Matuschewski
et al'®> and Millipore Corp!'®’. The membrane after protein binding test was placed in 10
ml PBS solution for washing for 30 min. The PBS solution was thrown out and 2 ml of
Ponceau S dye (AdvanStain Ponceau, Advanstalnc.) was placed in contact with the
membrane for 5 min. The dye was thrown out, to remove the unbound dye the membrane
was washed 3 times with 5 ml of 5 % acetic acid for 5 min. each. After removing the
unbound dye, the membrane was placed in 5 ml of 0.1 mol/L NaOH solution for 30 min.
to remove the bound Ponceau S dye. All the experiments were carried out inside a shaker
at 100 rpm at room temperature. The absorbance of the 0.1 mol/L NaOH solution after
contact with the membrane was measured at 520 nm by having pristine 0.1 mol/L. NaOH

as the reference.

A calibration curve was obtained to establish a relationship between the amount of BSA
adsorbed [pg] by the membrane and the Ponceau S dye absorbance observed using the
UV-Vis spectrophotometer. The protein amounts were calculated by applying the known
BSA amounts onto an unmodified PVDF membranes. Table 3.13 shows the BSA
amounts used for the calibration curve and Figure 3.16 shows the obtained calibration

curve.
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Table 3.13. BSA samples used to immobilize of the PVDF base membrane for obtaining the calibration curve

Solution number  BSA Weight [ug]  Absorbance [a.u.]

1 0 0.00000
2 20 0.01595
3 60 0.05970
4 100 0.10445
5 150 0.15270
6 200 0.22370

Calibration curve

y =0,0011x
R?=0,9958

- 0,20

]

Absorbance [a.u
o o o
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o
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Figure 3.16. Calibration curve relating the BSA weigh with the corresponding Ponceau S absorbance
3.6.3.4 UV-Vis spectroscopy

The UV-Vis spectroscopy is a commonly used absorption or reflectance spectroscopy in
analytical chemistry for quantitative or qualitative determination of analytes. The
ultraviolet (UV) and visible (Vis) region are present in the electromagnetic spectrum at
10 — 400 nm and 400 — 750 nm respectively, in which atoms and molecules undergo
electronic transitions from ground state to the excited states. The UV-Vis
spectrophotometer measures the intensity of the light after passing through the sample (I)
and compares it to the intensity of the incident light (Ip). According to the Beer-Lambert
law, the absorbance is directly proportional to the concentration of the absorbing species

in the solution and the path length!%.

I
A = logy, (TO) = ecL (21)
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Where, A is the absorbance [a.u.], Io is the intensity of the incident light at a given
wavelength, I is the transmitted intensity, Io/I is called transmittance, € is the molar
absorptivity constant, ¢ is the concentration of the absorbing species and L is the path

length.

In this work, UV1800 spectrophotometer (Shimadzu) was used to measure the
absorbance at 520 nm of the NaOH solution in contact with the membrane after protein
binding. 3.5 ml of sample was added to one of the quartz cuvettes and pristine 0.1 mol/L
NaOH was added to another quartz cuvette as a reference. The average of 3 runs was

taken as the final measurement.

3.7 Sterilization

Sterilization is a process that destroys all forms of microbial life such as bacteria, fungi,
spores, etc. present on a surface of an object or in a fluid, for example in biological cell
culture or food!’. There are various physical and chemical methods to carry out
sterilization such as heat, irradiation, high pressure, filtration and use of chemicals. The
membranes and membrane devices used in pharmaceutical industries for bioprocessing
applications are sterilized before their use. The typically used sterilization techniques for
membranes are auto-clave, Eto sterilization and Gamma irradiation. A good membrane
product should retain its properties after exposed to the harsh sterilization conditions. In
this work we sterilized the industrially modified HEMA and Acrylic acid 10X10 ¢cm? flat
sheet membranes by autoclave for 20 min. at 121°C and gamma irradiation at 25 kGy.
The membrane properties: water permeance, water bubble point, air flow and contact

angle were determined before and after sterilization.

3.8 Chemical compatibility

Chemical compatibility tests were performed in the static mode for the industrially
modified HEMA membrane. Two Flat sheet membrane disks of 44 mm diameter were
kept in contact with 20 ml of chemical for 48 hrs. Then the samples were placed in water
for 24 hrs. for washing before they were dried. The water bubble point, thickness and air
flow of the membranes after contact with chemicals was determined. If the properties
changed by more than 10 % of the pristine membrane the chemical was declared

unsuitable for the membrane.
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3.9 Thermal stability

To predict the shelf life of the membrane and membrane products an accelerated aging
test 1s performed according to the ASTM standard (F1980 — 07) by exposing samples to
high temperature with controlled humidity for a long period of time. In this work, we
placed the membranes inside the climatic chamber at 90°C for 16 days which is equivalent
to 5 yrs. of shelf life according to ASTM standard. The properties of membrane — water
permeance, air flow, contact angle and water bubble point — were determined before and

after the accelerated aging test to investigate the degradation due to thermal stress.
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4 RESULTS AND DISCUSSION

4.1 Base membrane characteristics

Base membrane characteristics, such as thickness and morphology, affect the
polymerization kinetics mechanism and subsequently the final membrane properties. This
section establishes a criterion for selecting the base membrane for functionalization by
analyzing the deviations in the characteristics to obtain the final membrane with

consistent properties.

The base membrane used in this study was an industrially (in-house GVS) produced 0.45
um flat sheet PVDF membrane cast on a polyester support via non-solvent induced phase
separation (NIPS) method!®® in a batch process. Efficiency of the modification
methodology — “two-step graft coating polymerization” — is governed by the base
membrane’s ability to absorb the solution one in the first step and to allow diffusion of a
reagents in the second step. Thus, base membrane thickness and morphology (pore size
and porosity) play an integral role in membrane functionalization. Base membrane with
consistent characteristics results in stable properties of the modified membranes; reducing
the irregularities caused by base membrane. The detailed study of polymerization
mechanism is discussed in section 4.2 and the effect of base membrane characteristics on

polymerization is demonstrated in section 4.7.

Three samples from different batches or “lots” (as called in the industry) of 0.45 um
PVDF production were characterized for their morphology and thickness to understand
lot-to-lot fluctuations. Figure 4.1 compares the pore size distribution in (a) and
corresponding airflow in (b). Considerable differences in the pore size and consequently
in the airflow were observed. Therefore, the flow properties of the modified membranes

could differ based on the chosen lot for modification.
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Figure 4.1. Difference in the (a) pore size distribution and (b) air flow measurements of the different lots of 0.45 um
PVDF base membranes used for modification

The difference in (a) porosity and (b) thickness (see Figure 4.2) leads to distinctive

kinetics and mechanisms of polymerization, thus affecting final membrane properties

differently.
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Figure 4.2. Difference in the (a) porosity and (b) thickness for the different lots of 0.45 pm PVDF base membrane
used for modification

The characteristics fluctuated from batch to batch due to inconsistencies during
membrane casting in various factors such as PVDF concentration, coagulation bath
composition and temperature, and moisture content during the industrial production of
250 m roll. The effect of these factors on the membrane characteristics are well
established and widely studied in literature'**!”. Furthermore, upscaling of the
membrane casting also causes potential deviations due to contamination of the line,

irregular speed of the line, and manual errors caused by operators.

Base membranes (nominal pore size 0.45 um) were sorted for the pore size irregularities

based on the air flow measurements as shown in Table 4.1. The membranes from the
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same group were selected for one set of modification study to minimize the deviations in

the final membrane properties due to the base membrane morphology deviations.

Table 4.1. Base membrane classification based on the air flow measurements

Base membrane group | Air flow [I/h] at 0.93 bar
I 700 — 800
II 800 — 900
11 900 — 1000
v 1000 — 1100

4.2 Two-step graft coating polymerization

This section elaborates on the fundamental mechanisms involved in two-step graft
coating polymerization which is a combination of dip-coating and graft polymerization.
The process is divided into two steps in different solvent systems — organic and aqueous
— to avoid homopolymerization in the water phase and increase process effectiveness.
The first system consists of hydrogen peroxide and cross-linker dispersed in IPA. While
the second system consists of iron chloride, monomer or polymer and ascorbic acid
dissolved in water. Additionally, proof of successful PVDF membrane functionalization
with a monomer (acrylic acid) and a polymer (10 kDa PVP) using EGDMA as a cross-

linker is provided by presenting the characteristic properties of the modified membranes.

4.2.1 Reaction mechanism

In the first step, membrane was immersed in the first system allowing absorption of the
reagents into the membrane matrix. The membrane should be immersed long enough to
allow absorption throughout the porous structure. However, for smaller pore sizes longer
immersion time might be necessary. Moreover, deeper penetration into the porous
structure on prolonged immersion for smaller pores could possibly hinder the
polymerization in the second step by making reagents inaccessible. This makes time the
limiting factor in the first step. In the second step, the membrane from step-one was
immersed in the second system. The diffusion of reagents takes place at the membrane-
bulk interface initiating the reaction by forming free radicals followed by chain-growth

polymerization leading to covalent bonds between PVDF and the modifying layer along
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with formation of an interpenetrating cross-linked layer. The formation of radicals takes
place by redox initiation in aqueous medium according to the equation shown in Figure

4.3.

Fe®” + HO—OH —> Fe’ + HO + HO'

Figure 4.3. Formation of radicals via redox initiation

A reaction zone is created at the interface where the maximum number of reactions take
place. The location of organic radicals is initially in the reaction zone but is subsequently
delocalized upon rapid diffusion. As a result of rapid mass transport, the polymerization
zone extends into the membrane matrix and bulk solution creating the following

concentration profiles:

e Radicals decrease away from the interface,
e Reactions decrease away from the interface, and

e Unreacted reagents increase away from the interface

The diffusion of reagents, the formation of the reaction zone and the developed

concentration profiles are shown in Figure 4.4.
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Figure 4.4. Diffusion of reagents, formation of the reaction zone at the membrane-bulk interface and developed
concentration profile at the interface upon introduction of membrane from ‘solution 1’ to ‘solution 2’.
The stars represent: 1. Location inside the membrane, 2. Location at the interface, and 3. Location in the bulk

Part of generated hydroxide radicals readily react with IPA present in the membrane
matrix to form more stable IPA radicals by radical transfer to solvent (see Figure 4.5).
Kolthoff et al.?*° reported a similar phenomenon for the formation of hydroxyethyl radical
from ethanol in the presence of oxygen. Although radical transfer to solvent leads to
formation of a stable IPA radical, it commonly acts as a scavenger rather than initiating
chain growth due to its stability. Therefore, OH radical majorly contributes in initiating

chain growth polymerization.

H,C CHj . HsC.__..CH;,
+ HO —— <|3 + H0
OH OH
IPA IPA radical

Figure 4.5. Formation of more stable IPA radical by solvent transfer

The start reactions and formation of organic macroradicals for each reagent in the system
are shown below. Figure 4.6 and Figure 4.7 exhibit the formation of macroradicals for
PVDF and PVP respectively, via hydrogen abstraction?’!. Due to the absence of double
bond, abstraction of hydrogen by bond dissociation takes place to form a new radical.

Similar study with abstraction of hydrogen atoms from cellulose in the presence of vinyl
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monomers for grafting was carried out by Hebeish and Guthrie!>. Furthermore,
Brockway and Moser?? reported failed graft polymerization onto starch with an azo alone

initiator verifying the success of grafting primarily by Fenton’s reagent.

A |
HO' + ]E?_CHZ} - JE?_CH} t HO
n n
F F
Initiator radical PVDF base membrane PVDF radical

Figure 4.6. Formation of an active site on the PVDF base membrane by hydrogen abstraction®??

In case of PVP there are several abstractable hydrogen atoms. The dissociation energy of
the X-H bond to form the new radical dictates the rate of hydrogen abstraction. The
thermodynamic calculations performed by Zhu and coworkers?* show that C-H bonds at
a-position to C=0 group are lower in energy due to the stabilization of the radical. The
most favorable PVP macroradical structure expected is highlighted in green and shown

in Figure 4.7.
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Figure 4.7. The most favorable PVP radical by hydrogen abstraction?%’

Figure 4.8 and Figure 4.9 represent the formation of radicals for EGDMA and acrylic
acid respectively via addition mechanism. The starter radical adds to the m-bond by taking

an electron and forms a new radical on the adjacent atom.
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Figure 4.8. Formation of EGDMA radicals by addition mechanism which propagates the chain-growth
polymerization
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Figure 4.9. Formation of acrylic acid radicals by addition mechanism which propagates the chain-growth
polymerization

EGDMA possess two m-bonds that participate in chain-growth, the unreacted double
bond becomes a pendant on the growing chain; if another radical adds to this pendant
double bond a cross-linkage is formed. Thus, it plays an integral role of bridging the
polymer network by acting as a cross-linker. The polymerization takes place in an
uncontrolled manner; therefore, the polymer network can grow in multiple pathways
when macroradicals and growing chains react with other reagents in the bulk. The
representative chain growth reaction for EGDMA via addition mechanism and the active
pendant group is displayed in Figure 4.10. Polyacrylic acid chain growth occurs with the

similar mechanism as EGDMA and therefore not shown.
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Figure 4.10. Chain-growth polymerization mechanism of EGDMA

Figure 4.11 shows the addition of PVDF macroradical to the pendant double bond in the
growing EGDMA chain. A covalent bond is formed and the growing chain is grafted onto
the PVDF membrane.
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Figure 4.11. Cross-linking mechanism of the growing EGDMA chain: grafting of the polymerized chain

The PVP macroradicals react in the similar mechanism with EGDMA to participate in
the network, and can also directly combine with PVDF radical terminating the reaction,

but this is rare due to the bulky nature of long chain PVP.

The chain-growth starts rapidly at the interface once the radicals are formed: the viscosity
of the reaction mixture at the interface increases over time which creates a barrier for
diffusion®®. Since diffusion is viscosity dependent, diffusion becomes more relevant for
further propagation as the limiting factor for transfer of reagents. The efficiency of the
chain-growth polymerization and the ability of polymers to incorporate themselves into

the growing hydrogel network depends on the following factors:

1. The local concentration of the polymers in the reaction zone,
2. The reactivity of the polymers, and

3. Copolymerization efficiency of polymers
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The factors affecting the efficiency of polymerization are discussed in greater details in
sections 4.3 and 4.4. The rapid addition of monomer molecules to the growing polymer
chain leads to the chain growth. The growing EGDMA chains react with PVP or
polyacrylic acid chains to form the polymer network which is ultimately grafted on the
PVDF membrane. An alternative polymerization also takes place simultaneously where
an entangled network of cross-linked chains is entrapped on the surface. The
polymerization reaction continues until all the active radicals are exhausted via
combination or disproportion®”’. The ideal functionalized membrane surface with grafted

hydrogel layer is shown in Figure 4.12.
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Figure 4.12. Ideal functionalized membrane surface with the grafted hydrogel structure

Several different types of substrates and water-soluble functional vinyl polymers can be
utilized in two-step graft polymerization coating to obtain membranes with varying

surface properties.

4.2.2 Membrane characterization

This sub-section attempts to summarize the major characteristics of the modified
membranes with respect to the base PVDF membrane upon investigation of membrane
surface properties with appropriate techniques. The representative formulation
considered for the proof of the concept characterization experiments is shown in Table

4.2.

Table 4.2. Representative formulation used for the proof of the concept for PVP and PAA

Solution 1 [wt.%] Solution 2 [wt.%]

H20; EGDMA IPA PVP/PAA FeCh.4H,O VitC RO water

6 5 89 5 0.28 1 93.72
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Fourier transform infra-red (FTIR) spectroscopy was used to understand chemical
modifications on the membrane surfaces. Zeta potential measurement provided an insight
about the surface charge upon functionalization which affects the membrane
performance. The hydrophilic nature of the membranes was evaluated using the contact
angle measurements. Finally, the change in weight due to polymer grafting was also

measured to confirm the presence of hydrogel coating.

IR spectroscopy

ATR-FTIR spectroscopy was used to perform qualitative characterization of the surface
chemistry for modified membranes. IR spectroscopy was performed to prove the
existence of the hydrogel layer on the membrane surface and failure in the absence of
cross-linker. Figure 4.13 introduces all the IR charts displaying the characteristic peaks
for polyacrylic acid and PVP in reference to the base PVDF membrane. The most evident
difference was the presence of a strong C=0 stretching peak at 1725 cm™' for PVP and
polyacrylic acid modified membrane?’®2%, This corresponds to the carbonyl groups
present in EGDMA, PVP and carboxylic group of polyacrylic acid. The peak was stronger
for PVP possibly due to a higher amount of EGDMA incorporation in the polymer
network compared to polyacrylic acid (the mechanism discussed in detail later in section
4.3). This peak was significantly weaker for the PVP modification without EGDMA. This
confirmed EGDMA’s integral anchoring role in bridging polymer chains in the polymer
network. This was further supported by absence of C-N vibrations at 1320 cm’!
corresponding to the PVP?!?, Butruk et al.'*” also reported slow polymerization (~ 1 h) in
the absence of cross-linker for PVP grafting on polyurethane disk using Fenton reaction.
When the membrane was covered with the hydrogel layer the intensity of the CH>
stretching at 1402 c¢cm! decreased for modified membraned compared to pristine
PVDF?!!, Finally, a broad peak corresponding to the OH stretching was observed between
3100 cm™ to 3500 cm™! of the hydroxyl group in polyacrylic acid?!2!3,
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Figure 4.13 IR spectra and the enlargement of two IR ranges representing the characteristic peaks for polyacrylic acid
and PVP modifications with and without EGDMA

Zeta potential

Zeta potential measurements of the representative modified membranes: polyacrylic acid
and PVP, were compared with pristine PVDF base membrane and are presented in Figure
4.14. The base PVDF membrane showed overall negative charge with an IEP at a pH of
approximately 4. It is established that hydrophobic surfaces due to preferable hydroxide
or chloride (because of KCI used during the measurement) ions adsorption exhibit a
negative zeta potential in aqueous solutions?'4?!>, However, the surface charge depends

on the pH. At high pH high concentration of HO renders surface charge negative and at
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low pH high concentration of H3O" renders surface charge positive. For PVP, the IEP
shifted to ~ 3.5 with overall charge slightly more negative than base PVDF but with a
similar trend. This shift could be attributed to the increase in hydrophilicity by PVP-
EGDMA enhancing the negative surface charge due to the presence of polar carbonyl
group?'®. Upon polymerization of polyacrylic acid onto the membrane surface multiple
negatively charged pH responsive carboxyl groups are attached on the surface. As a result
of high surface density of carboxyl groups, the polyacrylic acid modified membrane
shows negative surface charge throughout the pH range without an IEP. Although the
pKa value of polyacrylic acid is ~ 4.3, it is possible that several of the carboxyl groups
are already dissociated even below pH 4 hence shifting the zeta potential in the negative

range.
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Figure 4.14. Zeta potential of the modified membranes and the PVDF base membrane as a function of pH
Contact angle

The very low surface energy of PVDF results in the poor wettability of the PVDF
membrane with a constant water contact angle of 137°. PVP and polyacrylic acid
covalently bond on the surface of PVDF membrane upon modification improving
hydrophilicity, hence drastically reducing the contact angle (from 137° to ~45°) and
wetting time (see Figure 4.15). The incorporation of hydrophilic -COOH group in
polyacrylic acid and polar functional groups present in PVP impart the hydrophilicity to

the membrane?!7-218

. Hydrophilicity and porous top surface accelerates water droplet
penetration due to capillary effects; these factors reduce the contact angle?!®. Unlike
hydrophobic surfaces, hydrophilic surfaces due to high surface energy have high affinity

towards water hence forming a hydration layer on the membrane surface as a result of
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hydrogen bonding, thereby reducing the interactions of proteins and other particles from

the feed with the membrane.
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Figure 4.15 The change in contact angle with time of the top and bottom surface of polyacrylic acid and PVP
modification

Hydrogel grafted

Along with the changes in the surface chemistry of the membrane, physical properties of
the membrane also change upon modification such as weight of the membrane due to
grafting of the hydrogel layer. Figure 4.16. illustrates the increase in weight percent due
to the grafting of hydrogel layer. The higher value for polyacrylic acid than PVP is due
to higher reactivity and diffusion coefficient of the monomers which allows higher
number of acrylic acid molecules to be incorporated in the polymer network within same
modification period. The difference between the reaction mechanism of PVP and
polyacrylic acid is discussed in detail later in sections 5.3 and 5.4. Polymerization with
only EGDMA (in the absence of any polymers) shows high amount of grafting indicating
very efficient homopolymerization of EGDMA. Moreover, very low grafting in the
absence of EGDMA emphasizes the anchoring role that a cross-linker plays in grafting
polymer chains. In general, the results in Figure 4.16 proved successful grafting of the

hydrogel layer in the presence of EGDMA.
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linker

The mechanism of functionalization by versatile two-step graft coating polymerization
was discussed in detail and role of each participating reagent was explained. The
successful modification of the membrane with PVP and polyacrylic acid confirmed the

flexibility of the modification methodology.

4.3 Influence of polymer type on membrane functionalization

The influence of having a long chain polymer: PVP and a monomer: acrylic acid on
polymerization and consequently on the final membrane properties was studied in detail
in this section by understanding the reaction mechanism. This was a crucial step moving
forward for selecting the appropriate compound for functionalization to obtain desired

properties of the final membrane.

4.3.1 Functionalization with a polymer: 10 kDa PVP

Membranes were modified with different proportions of PVP concentration and keeping
the fraction of other reagents constant (see Table 4.3). The flow properties (permeance),

hydrogel layer characteristics, wettability, and morphology of the modified membranes

were investigated.
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Table 4.3. Modification formulation for 10 kDa PVP

Solution 1 [wt.%] Solution 2 [wt.%]
H>O» EGDMA IPA PVP FeCLL.4H,O  VitC RO water
6 5 89 5 0.28 1 93.72
6 5 89 10 0.28 1 88.72
6 5 89 20 0.28 1 78.72

The efficiency of polymerization depends on the successful incorporation of maximum
number of PVP molecules in the hydrogel network. The reaction zone is formed after
organic radicals are generated at the interface as discussed in section 4.2.1. The PVP
concentration increases away from the reaction zone into the bulk whereas, hydroxyl and
IPA radical concentration decreases away from the reaction zone. Figure 4.17 shows the

concentration gradient for reagents in the polymerization reaction.

Unreacted reagents
(PVP/ acrylic acid / EGDMA)

Concentration

Radicals

Distance from the membrane-bulk interface: reaction zone

Figure 4.17. Concentration gradient of the radicals and reagents across the membrane-bulk interface

The participation of PVP and EGDMA in the chain growth depends on the local
concentration in the reaction zone, reactivity and copolymerization efficiency. The
movement of molecules in the reaction zone for propagation is a diffusion-controlled
phenomenon. EGDMA molecules diffuse into the reaction zone at a faster rate than PVP
due to the smaller size. Moreover, PVP molecules are dispersed in the bulk away from
the interface unlike EGDMA molecules that are dispersed in the membrane matrix close
to the interface; therefore, EGDMA mass transfer take is higher than for PVP. As a result,

local concentration of EGDMA is more than PVP. The formation of macroradicals takes
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place via hydrogen abstraction for PVP and via addition mechanism for EGDMA (see
Figure 4.7 and Figure 4.8). The addition reaction is preferred energetically because the
new bond formed is stronger than the broken 1-bond thereby releasing energy; in contrast,
energy is required for bond dissociation in hydrogen abstraction??°. This makes EGDMA
more reactive than PVP. As a result, polymerization rate of EGDMA molecules increases
in the reaction zone forming a dominant growing polymer network at the interface further
hindering the movement of PVP into the membrane matrix due to increased viscosity.
This concept is known as glass-effect and was reviewed by Achilias in his work on

modeling diffusion-controlled polymerization reactions®?'.

Figure 4.18 depicts the schematics for the formation of PVP polymer network in three
stages. Stage 1 — diffusion of reagents and formation of reaction zone, stage i1 — faster
polymerization of EGDMA at the interface hindering PVP movement across the

interface, and stage iii — formation of the polymer network dominated by EGDMA.
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“—— - EGDMA D - Membrane from solution 1
_PVP []- Bulk solution 2

Figure 4.18. Visual interpretation of formation of the hydrogel network with PVP in three stages at the membrane-
bulk interface (reaction zone)

With increasing PVP concentration the number of PVP molecules in the bulk increases,
potentially increasing PVP molecules in the reaction zone. Initially, more PVP was
available to react at 10 wt.% and 20 wt.% compared to 5 wt.%. However, due to the large

size of PVP chains, the rate of diffusion from the bulk is slow. Moreover, the rate of
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polymerization of EGDMA is reduced due to increase in consumption of initiator radicals
by radical transfer to added PVP molecules. Nevertheless, PVP molecules due to large
size do not penetrate the membrane matrix but participate in the polymer network on the
outer surface of the membrane. The grafting of PVP in the surface hydrogel network
increased with increasing concentration as seen from the weight gained in Figure 4.19.
But the increase in weight was not proportional to the increase in PVP concentration.
Besides, the weight gained in the absence of PVP was comparable (even higher than for
5 % PVP) to the values obtained in the presence of PVP. This further strengthened the
hypothesis that EGDMA dominates the polymerization, thereby dominating the polymer
network. The small increase with increasing PVP concentration can be attributed to the
increased PVP participation in the surface polymer network. In addition to the chemical
cross-linking, long PVP chains could also be involved in physical cross-linking or

entanglement such as, trapping of PVP chains in EGDMA network.
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Figure 4.19. Comparison of weight gained after modification with different PVP concentrations and
without PVP (only EGDMA)

The increased grafting efficiency of PVP in the surface hydrogel network at higher PVP
ratio leads to enhanced ability of the hydrogel network to hold water at the surface as seen
from the water uptake results in Figure 4.20. A loosely packed hydrogel structure on the
surface consists of PVP chains possessing the ability to interact with water molecules due
to the presence of the polar groups (N—C=0). In addition to pore filling the increased
volume of the outer surface (without changing the structural geometry) upon surface PVP

grafting creates more spaces for water to bind. Modified membrane without PVP (only

88



EGDMA) shows higher water uptake than 5 % PVP potentially due to the more open base

membrane.
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Figure 4.20. Comparison of water uptake after modification with different PVP concentrations and
without PVP (only EGDMA)

Figure 4.21 schematically depicts the distribution of PVP and EGDMA molecules in the
reaction zone and presents the predicted hydrogel network formed upon polymerization
for different PVP concentrations. The PVP chains in polymer network increase with

increasing concentration.
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Figure 4.21. Visual interpretation of the formation of hydrogel network at the membrane-bulk interface for different
PVP concentrations at 5 % EGDMA

Moreover, with increasing PVP concentration, the increased viscosity further reduces the
diffusion rate. This means that once first set of PVP molecules react in the reaction zone

to form polymer network, the polymerization rate of PVP molecules in the polymer

89



network drastically drops. As a result, EGDMA dominates the polymer network in the
membrane matrix constricting the pores and subsequently reducing the water permeance
as seen in Figure 4.22. The reason for the high drop in permeance between 5 wt.% and
10 wt.% could potentially be due to the difference in the characteristics of the base
membranes used as explained in section 5.1. Additionally, it was seen that at high
concentrations (10 wt.% and 20 wt.%) the effect of PVP on the final membrane properties

was less significant suggesting saturation of PVP participation in the polymer network.
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Figure 4.22. Comparison of water permeance after modification with different PVP concentrations

Contact angle

Wettability of the modified PVP membranes was evaluated using dynamic contact angle
measurement (see Figure 4.23). 5 wt.% exhibited lowest surface wettability while 20
wt.% the highest, verifying the presence of more PVP on the surface with increasing
concentration as argued above. Upon increasing PVP concentration, interaction of water
with the surface increases allowing water to easily pass into the porous structure.
However, at 5 wt.%, less PVP molecules were grafted on the surface less effectively

increasing the wetting time.
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Figure 4.23. Change in contact angle with time for (a) top surface and (b) bottom surface
after modifications with different PVP concentrations

SEM

Top and bottom surface morphologies of the modified membranes were examined by
SEM at magnification of 5000. The number of open pores with increasing PVP
concentration on the bottom surface appeared to be reduced due to coverage of PVP
chains (see Figure 4.24) which also resulted in reduced water permeance. However, at 5
wt.% not many PVP molecules are present in the reaction zone, as a result EGDMA
quickly reacts with majority of the radicals and extensive homopolymerization of
EGDMA takes place. The micrographs also support the hypothesis of participation of

PVP on the surface polymer network at high concentrations.
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Figure 4.24 SEM micrographs of the top and bottom surface: after modification with different PVP concentration and

4.3.2 Functionalization with a monomer: acrylic acid

the base membranes

A study similar to PVP modifications was carried out to analyze the influence of acrylic

acid monomer on polymerization. 0.45 pm PVDF base membrane was modified with

varying proportions of acrylic acid by keeping fractions of other reagents constant as

shown in Table 4.4. The flow properties (permeance), hydrogel layer characteristics,

hydrophilicity, and morphology of the modified membrane were investigated.

Table 4.4. Modification formulation for acrylic acid monomer functionalization

Solution 1 [wt.%)]

Solution 2 [wt.%]

H>0O» EGDMA IPA Acrylicacid FeCl,.4HO VitC RO water
6 5 89 5 0.28 1 93.72
6 5 89 10 0.28 1 88.72
6 5 89 20 0.28 1 78.72

The polymerization mechanism for polyacrylic acid is different than PVP due to distinct

size, structure and chemistry. At the same weight concentration higher moles of acrylic

acid (72.06 g/mol) are present in the reaction mixture than PVP (10 kDa). The rate of

diffusion of acrylic acid is higher than PVP due to its smaller size. Hence, local
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concentration of acrylic acid in the reaction zone at the same concentration (wt.%) is
higher than PVP. Moreover, thermodynamically initiator radicals prefer to react with
acrylic acid because of the presence of a m-bond making acrylic acid more reactive than

PVP.

Owning to these properties, acrylic acid competes with EGDMA for initiator radicals in
the reaction zone. EGDMA is a methyl acrylate type monomer while acrylic acid is an
acrylate linked to -COOH, therefore the reactivity of EGDMA is very different from
acrylic acid. Due to the presence of two pi-bonds and vicinity to the interface the local
concentration of EGDMA is higher than acrylic acid thereby, the rate of polymerization
is also higher. From the thermodynamic perspective monomer interactions for EGDMA
and acrylic acid differ resulting in change in distribution of monomers in the reaction

mixture. Earlier work?22-224

in the literature claimed accelerated polymerization by
“matrix effect” in which acrylic acid monomers aggregate prior to polymerization. This
means in the presence of sufficient acrylic acid monomers their rate of polymerization in
the reaction zone is higher than that of EGDMA. Hence, polyacrylic acid chain

propagation and participation in the polymer network is much higher than PVP.

Figure 4.25 presents the schematics for the formation of polyacrylic acid polymer
network in three stages. Stage 1 — diffusion of reagents and formation of the reaction zone,
stage 11 — faster polymerization of EGDMA and participation of polyacrylic acid in the
growing polymer network, stage iii — increased polymerization rate of polyacrylic acid
resulting in the grafting of long polyacrylic acid chains. In the initial stages of
polymerization EGDMA dominates the network however, the growing chains of
polyacrylic acid are added to the network in the later stages suppressing EGDMA

homopolymerization.
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Figure 4.25. Visual interpretation of formation of the hydrogel network with acrylic acid in three stages at the
membrane-bulk interface

Acrylic acid actively participates in the polymerization reaction and upon increasing the
concentration the participation increases not only on the outer surface but also in the
hydrogel network within the porous structure. The higher weight gain for polyacrylic acid
modifications than PVP in Figure 4.26 confirmed active participation of acrylic acid in
the polymerization. The weight gain was not proportional to the increase in acrylic acid
concentration because EGDMA dominates at higher concentration of acrylic acid due to
the gel-effect which hinders the diffusion of acrylic acid from the bulk towards the

reaction zone.
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Figure 4.26. Comparison of weight gained after modification with different acrylic acid concentrations and without
acrylic acid (only EGDMA)

The water uptake data in Figure 4.27 confirm the grafting of polyacrylic acid inside the
porous structure. Polyacrylic acid unlike PVP due to its smaller size, higher reactivity and
lower viscosity leads to better mass transfer hence, enters the porous structure. The
grafting of polyacrylic acid chains inside the pores decreases the pore volume but
increases the sites for water binding. The dual effect of pore filling and outer surface
polymer network allows higher amount of water uptake than PVP. It is also evident that
with increasing the acrylic acid content the water binding sights increase resulting in
higher water uptake. The lower value for the modification without polyacrylic acid (only
EGDMA 5 %) is due to the less hydrophilic nature of polyEGDMA in addition to the

reduction of effective pore volume upon grafting.
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Figure 4.27. Comparison of water uptake after modification with different acrylic acid concentrations and without
acrylic acid (only EGDMA)
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Figure 4.28 schematically depicts the distribution of polyacrylic acid and EGDMA
molecules in the reaction zone and presents the predicted hydrogel network formed upon
polymerization for different acrylic acid concentrations. The polyacrylic acid chains in
polymer network increase on the surface and within the porous structure with increasing

concentration.
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Figure 4.28. Visual interpretation of the formation of ideal hydrogel network at the membrane-bulk interface for
different acrylic acid concentrations at 5 % EGDMA. In the realistic structure cross-links between poly(acrylic acid)
chains also exist

The water permeance in Figure 4.29 drastically decreased with increasing acrylic acid
concentration and the values are much lower than for PVP. The possible explanation is
narrowing of the pores due to grafted polyacrylic acid chains inside the pores. The effect
of narrowing of the pores was magnified at higher acrylic acid concentration because of
swelling of the polyacrylic acid chains at pH 7. The presence of pH-responsive groups,
such as carboxyl, pyridine and imidazole leads to conformational changes of
macromolecular chains depending upon pH??>22%, Polyacrylic acid in aqueous solution
has a pKa of approximately 4.3-4.9, depending on the method used??’ for the
measurement. This means at pH 7 carboxyl groups are deprotonated resulting in swelling,
further narrowing the effective pore size. With increasing acrylic acid concentration, the
swelling tendency of the hydrogel layer also increased as more chains are present in the

hydrogel network.
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Figure 4.29 Comparison of water permeance after modification with different acrylic acid concentrations and without
acrylic acid (only EGDMA)

Contact angle

Polyacrylic acid has a low hydration energy due to the presence of carboxyl groups which
results in hydrophilic nature of the membrane. Polyacrylic acid chains have an intrinsic
property of interacting with water molecules. The clear evidence is the similar wetting
time observed for all concentrations in Figure 4.30, confirming the participation of acrylic
acid in grafting even at low concentrations. The difference in the starting contact angle

for the (a) top surface could be due to the base membrane or the spot of the measurement.
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Figure 4.30. Change in contact angle with time for (a) top surface and (b) bottom surface after modification with
different polyacrylic acid concentration

SEM

SEM micrographs of the top and bottom surface in Figure 4.31 shows that at 5 wt.%, the
grafted polymer was heterogeneously distributed within the porous structure and on the

surface. At 10 wt.%, a thin layer of cross-linked polymer network was formed which
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covered the base membrane and narrowed the pores. At 20 wt.%, a dense hydrogel layer
covers the top of the membrane leading to cracks. Increased acrylic acid content increased
the amount of grafted hydrogel forming a closely packed highly cross-linked
poly(EGDMA-co-acrylic acid) polymer network constricted onto a small surface area

resulting in cracks upon expansion.
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Figure 4.31. SEM micrographs of the top and bottom surface after modification with different polyacrylic acid
concentration and the base membrane
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The polymerization is dominated in both PVP and acrylic acid cases by EGDMA due to
its higher reactivity, smaller size, better mass transport and efficient homopolymerization
ability. The smaller size and lower viscosity drive better mass transfer, higher electron
density drives higher reactivity, and thermodynamics drives smoother AA-EGDMA
copolymerization. Therefore, vinyl monomers at higher concentration can be more
efficiently utilized over long chain polymers for obtaining the desired surface properties

throughout the surface including pores via two-step graft coating polymerization method.

4.4 Influence of cross-linker on membrane functionalization

This section investigates the behavior of cross-linker in the polymerization and discusses
its impact on the final membrane properties. The proposed reaction mechanism in section
4.2 and 4.3 is further exploited to limit the dominance of cross-linker in the grafted
hydrogel. An alternative less reactive cross-linker: TrGDMA was proposed. The work
provided a good platform to select the appropriate fraction of the relevant cross-linker for

the development of the prototype in the next work package.

4.4.1 Effect of cross-linker concentration: EGDMA

The role of EGDMA in polymerization at a constant acrylic acid and PVP concentration
(5 wt.%) was analyzed by performing the modifications with varying EGDMA

concentrations: 5 wt.%, 10 wt.% and 15 wt.%.

4.4.1.1 Functionalization with 10kDa PVP

Previous section debated that EGDMA dominates the polymerization especially in the
presence of the long chain polymer as a result of higher local concentration, difunctional
reactivity and mass transfer coefficient. Growing macroradicals of EGDMA with
unsaturated groups react with each other in the reaction zone to form a three-dimensional,
cross-linked polymer. The kinetics of polymerization is governed by difunctional
EGDMA, as it integrates into the polymer population as soon as one of the two vinyl
groups react??8, PVP macroradicals formed in the reaction mixture combine with growing
EGDMA radical on the membrane surface to terminate the chain-growth. The slow
mobility and large size of PVP in addition to the increased viscosity at the interface
experienced by EGDMA network creation prevents PVP from entering membrane pores.

As a result, a polymer network of EGDMA with terminal PVP chains is formed on the
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outer surface while a highly cross-linked EGDMA network dominates inside the porous

structure.

At high EGDMA levels, the consumption of initiator radicals by EGDMA monomers
increased, negatively affecting the generation of PVP radicals. This scenario accelerates
homopolymerization of EGDMA resulting in rigid polymer network. Figure 4.32
illustrates linear increase in weight gain with increasing EGDMA concentration
indicating diminishing role of PVP; bolstering the argumentation about increasing

dominance of EGDMA in the presence of PVP.
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Figure 4.32. Comparison of weight gained after modification at different EGDMA concentrations with
and without PVP (5 wt.% EGDMA)

EGDMA radicals diffuse inside the porous structure and continue to polymerize forming
a rigid cross-linked network. Increasing the EGDMA content accelerated the conversion
but yields a tight polymer network incapable of swelling with less hydrophilic nature.
Consequently, narrowing the pores and reducing the pore volume due to grafting of tight
polymer inside the pores. Hence, the water uptake decreased with increasing EGDMA
concentration as shown in Figure 4.33 further confirming irrelevance of PVP inside the
porous structure. The reduced pore size resulted also in water permeance drop observed
in Figure 4.34. The drastic drop to 4 ml/min.bar.cm? at EGDMA 15 wt.% suggested
blocking of the pores due to the formation of dense and highly cross-linked polymer

network with very high EGDMA content.
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Figure 4.33. Comparison of water uptake after modification at different EGDMA concentrations with
and without PVP (5 wt.% EGDMA)
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Figure 4.34. Comparison of water permeance after modification at different EGDMA concentrations with
and without PVP (5 wt.% EGDMA)

Contact angle

As learnt above, increasing EGDMA concentration narrowed the pore size due to the
formation of highly cross-linked dense polymer network within the porous structure.
Moreover, with increasing content of EGDMA, participation of hydrophilic PVP
decreased reducing the wettability of the membrane as demonstrated in Figure 4.35.
Decreased water solubility of EGDMA due to increased dimethacrylate content at higher
EGDMA concentration could also further inversely affect the surface hydrophilicity.
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Figure 4.35. Change in contact angle with time for (a) top surface and (b) bottom surface after modification at
different EGDMA concentration

SEM

The membrane morphology of the modified membranes was scanned using the SEM and
the micrographs obtained for the top and bottom surface are presented in Figure 4.36. The
membranes were affirmed to form a dense layer covering pores upon increasing EGDMA
concentration due to deposition of high amount of polymerized EGDMA. As predicted,
at 15 wt.% a thick hydrogel layer was formed on the membrane surface making certain
pores ineffective by complete blocking, further reducing the water permeance.
Furthermore, the SEM analysis revealed formation of heterogenous polymer spheres at
high EGDMA concentrations (above 5 wt.%). The increase in molecular weight upon
polymerization of EGDMA creates highly branched chain polymer which shrinks into
spheres to reduce the interfacial tension. These polymerized spheres are immiscible in the
aqueous medium resulting in spontaneous phase segregation. Polymerization induced
phase separation is a commonly observed phenomenon in a multicomponent mixture
which occurs upon polymerization of one or more components?>*23!. The heterogenous

polymer spheres originate from water insoluble polymerized EGDMA domains.

TOP BOTTOM

.;:

200[KV] SP=8.0 WD=138 x5.0k 10[um]  HIGH VACUUM 10/23/2019

102



HLEINS.

200[KV] SP=8.0 WD=138 x5.0k  10[um]  HIGH VACUUM 9/17/2019 200[KV] SP=8.0 WD=138 x50k  10[um]  HIGH VACUUM 9/17/2019

9/17/2019 10{um]  HIGH VACUUM 9/17/2019

.0

— . .
200[KV] SP=8.0 WD=13.8 HIGH VACUUM 9/17/2019 200[KV] SP=8.0 WD=13.6 x50k 10[um]  HIGH VACUUM 9/17/2019

Figure 4.36. SEM micrographs of the top and bottom after modification at different EGDMA concentration and
the base membrane

4.4.1.2 Functionalization with acrylic acid monomer

Based on the mechanism proposed and the experience from section 4.3.2, it was
understood that acrylic acid participates more efficiently than PVP in the polymerization.
This is a result of higher local concentration, higher reactivity and ‘smoother
copolymerization’ with EGDMA. The methacrylate type monomer: EGDMA has
different activity than acrylate type monomer: acrylic acid, hence the propagation rates
are different. Moreover, the bifunctionality of EGDMA and higher local concentration
due to the vicinity to the reaction zone promotes EGDMA dominance in the polymer
network especially at high EGDMA content. The hydrogel weight grafted in Figure 4.37
at all EGDMA concentrations was higher than PVP (see Figure 4.19) verified the
relevance of acrylic acid participation in two-step graft coating polymerization. Highly
mobile smaller sized of polyacrylic acid molecules enter the membrane pores before the

barrier formation at the membrane-bulk interface. The linear growth in the amount of
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hydrogel grafted with increasing EGDMA concentration confirmed EGDMA dominance

at constant acrylic acid content.
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Figure 4.37. Comparison of weight gained after modification at different EGDMA concentrations with and
without acrylic acid (only EGDMA)

Since polyacrylic acid and EGDMA undergo copolymerization also inside the porous
structure, a cross-linked polymer network is formed inside the pores which is less
hydrophilic in nature due to the EGDMA dominance. With increasing EGDMA
concentration not only the cross-linking density but also the amount of grafted polymer
increased inside the pores which reduced the effective pore size. Subsequently, the water
uptake decreased as illustrated in Figure 4.38. The water uptake values for polyacrylic
acid were higher than PVP (see Figure 4.20) confirming participation of polyacrylic acid

inside the porous structure creating more water binding sites.
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Figure 4.38. Comparison of water uptake after modification at different EGDMA concentrations with and
without acrylic acid (only EGDMA)

The drop in water permeance with increasing EGDMA concentration presented in Figure
4.39 was a result of narrowing of the pore structure upon increasing polymer content with
high cross-linking density inside the pores. The value of water permeance at 5 wt.% was
lower for acrylic acid than PVP (see Figure 4.34) due to swelling of the polyacrylic acid
chains. However, the effect of swelling was reduced with increasing EGDMA
concentration as a highly cross-linked polymer network forms a rigid and dense structure.

Thereby, the permeance was comparable at 10 wt.% and 15 wt.% with PVP.
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Figure 4.39. Comparison of water permeance after modification at different EGDMA concentrations with and
without acrylic acid (only EGDMA)
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Contact angle

The overall wetting time and starting contact angle for polyacrylic acid (see Figure 4.40)
was lower than PVP (see Figure 4.35) implying higher hydrophilicity due to better
incorporation of polyacrylic acid in the polymer network. However, the hydrophilicity of
polyacrylic acid decreased with increasing EGDMA concentration as a consequence of
the narrowing of the pore size and change in surface chemistry due to dominance of

polymerized EGDMA that is less hydrophilic.
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Figure 4.40. Change in contact angle with time for (a) top surface and (b) bottom surface after modification with
different EGDMA concentrations

The morphology of the modified membrane was studied by analyzing SEM images in
Figure 4.41. The membranes were covered with a polymerized cross-linked network of
poly(EGDMA-co-AA). At higher levels of EGDMA the density of the grafting increased
resulting in closely packed network. The morphology observed via SEM justified the
water permeance data obtained above. The higher reactivity of acrylic acid than PVP
suppressed strong homopolymerization of EGDMA and prevented dense thick layer
formation and phase separation as seen in case of PVP. At concentrations above 5 wt.%

high amount of grafted hydrogel was constrained in a small area which resulted in cracks.
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Figure 4.41. SEM micrographs of top and bottom surfaces after modification at different EGDMA concentration and

the base membrane

The reactivity, structure, solubility in the aqueous medium and concentration of cross-

linker are the governing factors for the dominating nature of the cross-linker. For the

development of the prototypes 2.5 wt.% EGDMA is utilized along with two different

vinyl monomers thermodynamically compatible with EGDMA due to their structures:

acrylic acid'¥?219232 and HEMA?33:234 to obtain anti-fouling surface properties.
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4.4.2 Effect of type of cross-linker: EGDMA vs TrGDMA

This section explores the option of using an alternative cross-linker: TrGDMA with less
reactivity and higher solubility in the aqueous medium than EGDMA to reduce the
dominating effect of the less hydrophilic cross-linked monomers in the polymer network.
The behavior of two different cross-linkers was analyzed by investigating membrane
characteristics and visually inspecting solution polymerization effects in the absence of

the membrane.

The modifications were carried out with only cross-linkers at varying concentrations in
the absence of monomer by keeping the concentration of other reagents (H202, Fe?" and
Vit C) constant. The hydrophilic property of dimethacrylates derives from the ethoxy
groups due to the presence of oxygen which interacts with water by hydrogen bonding?3>.
Therefore, TrGDMA is expected to have higher solubility in water than EGDMA before
and during polymerization. Moreover, TrGDMA with more ethoxy groups tends to form
relatively longer and more flexible cross-links compared to EGDMA which forms short

and stiff polymer network?3.

2 o
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(a) EGDMA (b) TTGDMA

Figure 4.42. Chemical structures of two different cross-linkers used in this work

These properties made TrGDMA an interesting candidate to overcome the problem of
polymerization induced phase separation. The molar concentration of EGDMA (mol. Wt.
=198.218 g/mol.) is higher than TrGDMA (mol. Wt. = 286.32 g/mol.) at the same mass
concentration; thus, a greater number of EGDMA moles are available in the system than
TrGDMA at any selected mass concentration. Also, the longer chains made TrGDMA
slightly less mobile than EGDMA. Hence, EGDMA showed better mass transfer than
TrGDMA in the polymerization system which was supported by the data in Figure 4.43.
Very efficient autopolymerization of EGDMA in the presence of higher EGDMA moles
resulted in higher grafting than TrGDMA throughout the concentration range. However,
for effective polymerization in the presence of monomer low cross-linker concentrations
such as 2.5 wt.% or 1.25 wt.% are a strategic pathway to restrict the influence of cross-

linker in the network.
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Figure 4.43. Comparison of weight gained after modification with different EGDMA and TrGDMA concentrations in
the absence of any other polymers

Although the water uptake is a result of dual effect: water sorption by the hydrogel layer
on the modified membranes and water held inside the porous structure, the values in the
plot are dominated by the water absorbed by the pores. The change in water uptake is a
result of narrowing of the pore size upon grafting. The higher cross-linking density and
chain stiffness of EGDMA reduces the free volume in the polymer network. As a result,
TrGDMA showed higher water uptake compared to EGDMA as shown in Figure 4.44.
The drop in water uptake for TTGDMA above 2.5 wt.% could be a result of increased
cross-linking density of the increased deposited content of TrGDMA at higher

concentration.
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Figure 4.44. Comparison of water uptake after modification with different EGDMA and TrGDMA concentrations in
the absence of any other polymers
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Additional supportive data for the behavior of cross-linkers was obtained by visual
inspection of the solution polymerization (see Figure 4.45). The polymerization induced
phase separation in EGDMA started at 2.5 wt.% and the effect was enhanced with
increasing concentration such that at 10 wt.% a gel block was formed. However, the phase
separation was not detected until 10 wt.% for TrGDMA. The higher solubility, lower
cross-linking density and lower molar concentration of TrGDMA provide the explanation
for the observed behavior. Therefore, TrGDMA when used in appropriate fractions is a
good alternative to enhance the hydrophilic functionalization by reducing cross-linker

dominance and avoid phase separation during polymerization.

Effect of EGDMA Effect of TrGDMA

Figure 4.45. Comparison of the solubility in the aqueous medium on polymerization between EGDMA and TrGDMA
at different concentrations: 1.25 wt.%, 2.5 wt.%, 5 wt.%, and 10 wt.% in the absence of any other polymers
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107
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Figure 4.46. Difference in wettability after modification with EGDMA and TrGDMA at different concentrations:
1.25 wt.%, 2.5 wt.%, 5 wt.%, and 10 wt.% in the absence of any other polymer

Quick wetting tests were performed by introducing 1 mL of RO water on the surface of
the dried (at 90°C for 48 hr.) modified membranes to understand the surface
hydrophilicity. At low concentrations loosely packed structure due to the low degree of
cross-linking is formed. It is widely known that cross-linking increases the glass-
transition temperature (Tg). At low degree of cross-linking the shift in Tg is smaller
compared to high degree of cross-linking?}’. Therefore, at high temperature thermal

degradation resulting in bond-breakage and loss of the properties takes place at low cross-
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linking density. Hence, at 1.25 wt.% EGDMA and at 1.25 wt.% & 2.5 wt.% TrGDMA

the membranes do not wet.

The visual inspection studies were conducted also with PVP and polyacrylic acid at
varying concentrations. The concentration [wt.%] of each reagent are marked on the
respective beakers. The results were compared for the effect of EGDMA and TrGDMA.
As expected, for PVP (see a, b and c in Figure 4.47) there is no direct visible effect of
PVP concentration in both the cases: EGDMA and TrGDMA. Even in the absence of a
substrate long chain PVP fails to participate in the growing polymer network. With
increasing EGDMA concentration the phase separation due to homopolymerization was
evident, while no phase separation is noticed in TrGDMA due to higher solubility of
TrGDMA in the aqueous medium.

Effect of EGDMA Effect of TrGDMA
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§
- |

-naw-ns T GDMA-2:5
PVP- 15 PVp- 15

Figure 4.47. The visual inspection of solution polymerization upon adding solution 1 to solution 2. Comparison
between the effect of EGDMA and TrGDMA on PVP polymerization at different concentration combinations

In case of polyacrylic acid as well no phase separation was detected for TrGDMA but at
higher concentration of EGDMA gelation takes place. However, at higher concentration

of polyacrylic acid the amount of gelation reduced unlike PVP. This confirmed the active
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participation of acrylic acid and suppression of EGDMA homopolymerization in the

presence of higher polyacrylic acid content.

Effect of EGDMA Effect of TrGDMA

TGDMA-10
~ #an-lo

Figure 4.48. The visual inspection of the solution polymerization upon adding solution 1 to solution 2. Comparison
between the effect of having EGDMA and TrGDMA polyacrylic acid polymerization at different concentration
combinations

The SEM analysis for the modified membranes was performed to spot the differences in
the membrane morphology due to TrGDMA and EGDMA (see Figure 4.49). At 2.5 wt.%,
TrGDMA structure was relatively open while several pores were covered with polymer
in case of EGDMA. At 5 wt.%, heterogenous patches of hydrogel layer can be spotted on
the surface which partially covered the surface of the membrane for both. However, at 10
wt.% polymerization induced phase separation in case of EGDMA results in rough
surface completely covered with thick polymer layer with having EGDMA spheres on
the surface. This was supported by weight gain, drastic drop in water uptake and gelation
in bulk polymerization. The SEM results showed the negative effects of polymerization
on the membrane morphology such as heterogenous surface grafting, phase separation,

and clogging of the pores at high cross-linker concentration.
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Figure 4.49. SEM micrographs of the top and bottom surface after modification with different EGDMA and
TrGDMA concentrations in the absence of polymer

Appropriate fraction of TrGDMA potentially could be a better choice over EGDMA due
to its solubility and lower reactivity. However, additional investigations are needed to
establish the appropriate TrGDMA fraction to be implemented with polyacrylic acid and
HEMA for efficient polymerization. Although TrGDMA is of vital interest for GVS for
future developments it is not covered in this work due to time constrains. Therefore, only
EGDMA is considered in the next work package to develop the prototypes based on
polyacrylic acid and polyHEMA.

4.5 Development and characterization of prototypes

This section aims at developing two types of monomer-based prototypes with polyacrylic
acid to derive pH responsive membranes and another with polyHEMA to obtain

hydrophilic membranes with anti-fouling properties.
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The monomers were understood to be more appropriate than polymers based on the study
in above sections. The developed prototypes were analyzed by studying the membrane
properties and performance characteristics to identify the best formulation for acrylic acid
and HEMA each. The modified membranes were analyzed for the efficiency of grafting,
flow properties, surface chemistry, and thermal stability. Additionally, the effect of pH
on the flow properties as a result of conformational changes was studied. Finally, the
membrane performance was evaluated by carrying out particle filtrations to understand

the blocking mechanism and protein binding experiments to analyze BSA fouling.

4.5.1 Particle characterization

This sub-section discusses the properties of the model particles used in the filtration study.

238-240 241,242

The use of nanoparticles in microfiltration and ultrafiltration processes has
attracted a widespread interest in the field of separation technology. These studies have
mostly utilized commercially available spherical particles made from different material
(e.g., silica, polystyrene) with various functionalities (e.g., fluorescent, with functional
groups — carboxyl, amines). The use of nanoparticles in filtration tests guides the
development of mathematical models for solute transport through the membrane?®.
Fluorescently-labeled 200 nm polystyrene particles with carboxyl functional groups are
used in this study as surrogates for cells such as extracellular vesicles®** in bioprocessing
applications. The characteristics of the particles used as the feed for filtration at pH 7 are

shown in Table 4.5 and Figure 4.50 shows the particle surface charge at different pH.

Table 4.5. Characterization of the fluorescent polystyrene particles used for filtration

Size . . . o
. Particle concentration  Polydispersity index
Particle type .
yp [nm] [particles/ml] (PDI)
PS (-COOH 218+3 5.91E+10 0.02
functionalized)
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Figure 4.50. Zeta potential of fluorescent polystyrene particles (-COOH labeled) at different pH

Although polystyrene particles replicate the relevant properties of biological particles
such as concentration, size and surface charge a key difference between two is the
structure and deformability including softness. Moreover, the large differences between
particle size and pore diameter enable studying fouling mechanism at different stages in
the dead-end filtration. The biological particles are soft which can squeeze through the
membrane pores at high pressure and low concentration. Helling et al.>*> examined the
effect of particle deformation on retention in a pressure dependent filtration process.

Furthermore, Biining et al. 246

synthesized polymeric soft particles to mimic mycoplasma
and consequently study the blocking mechanism. In the recent decade, many studies have
used nanoparticles as biological cell surrogates in filtration tests due to the time and cost

associated with bio-assays in designated facilities?*7-248

. The purpose of using hard PS
particles was to establish a filtration study tool to evaluate and differentiate the modified
membrane performances. The flow properties before, during, and after the filtration were
calculated, and a variety of post-filtration analyses such as resistance, particle recovery,
retention and SEM were done to identify the modification with the highest retention and
recovery of the particles. It is well known that the filtration mechanism is an outcome of
multiple factors: the properties of the membrane, particles characteristics and the solution
environment. The grafted hydrogel layer architecture and the surface chemistry of the

modified membranes define the particle interaction with the membrane during the

filtration.
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4.5.2 Stimuli responsive polyacrylic acid functionalized membranes

Polyacrylic acid membranes offer a promising and a versatile tool for the use in
biomedical applications because of the properties such as customized electrostatic
interactions based on pH, hydrophilic nature, and constrained protein adsorption?+%-23°,
The polyacrylic acid prototypes were developed in this work in an attempt to maximize
the incorporation of pH responsive copolymer assemblies on the membrane which can
undergo conformational changes with change in pH?*'. Moreover, the charge densities
along the chains should have a beneficial effect on the separation of biological media
because most protein and cellular components are negatively charged?®. Three different
formulations were used (see Table 4.6) to obtain the final membranes with reduced impact
of cross-linker and enhanced influence of polyacrylic acid on the final grafted hydrogel.
The concentration of the rest of the reagents was kept constant. From AE 1 to AE 2 acrylic
acid concentration was increased to reduce the influence of EGDMA and in AE 3,
EGDMA concentration was reduced further by keeping polyacrylic acid concentration
high.

Table 4.6. Modification formulation used for developing the polyacrylic acid prototypes

Modification formulation [wt.%] Ac];éll];cl\;zld Membrane code
Acrylic acid 5 % + EGDMA 2.5 % 2 AE 1
Acrylic acid 10 % + EGDMA 2.5 % 4 AE 2
Acrylic acid 10 % + EGDMA 1.25 % 6 AE 3

4.5.2.1 Characteristics of the polyacrylic acid prototypes

From the previous experience it is understood that unlike PVP, acrylic acid actively
participates in the polymerization. The goal of these modifications was to enhance the
incorporation of polyacrylic acid chains in the grafted polymer network to obtain the pH
responsive surface. The swelling degree and charge density depend on the grafting

density and the architecture of the polymer network?>22%3

. The charged interactions
between biological particles and polyacrylic acid chains should prevent them from
entering the porous structure due to electrostatic repulsion®*?, thereby enhancing the

recovery of the particles with minimal loss due to penetration and/or adsorption.
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. . . . . . [Acrylicacid
The polymerization mechanism is governed by the local concentration ratio [EZ}DW]

in the reaction zone, acrylic acid homopolymerization and copolymerization efficiency

Acrylic acid

of acrylic acid and EGDMA. Higher [ — ] ratio means more polyacrylic acid

chains in the polymer network but reduced degree of cross-linking. The local
concentration ratio was doubled from AE 1 to AE 2 on doubling the acrylic acid
concentration, resulting in ~ 90 % weight gain due to increased polyacrylic acid graft
density in the network (see Figure 4.51). The capacity of 2.5 wt.% EGDMA to cross-link
more polyacrylic acid chains was exploited at 10 wt.% forming a highly cross-linked
polyacrylic acid dominated structure on the surface. Although the ratio was highest for
AE 3, the degree of cross-linking was the lowest due to low EGDMA concentration (1.25
wt.%). This generated a loosely packed structure with dangling chains of polyacrylic acid.
The interactions between polyacrylic acid chains result in aggregation prior to
polymerization forming long polyacrylic acid chains in the presence of low EGDMA

content due to the matrix effect???. This results in higher weight gain for AE 3 than AE 1.

Weight gained [%]
2 w & wn EN N

p—

AE 1 AE 2 AE 3
Figure 4.51. Comparison of weight gained between the different polyacrylic acid prototypes

Figure 4.52 depicts the possible hydrogel layer formation on the surface and inside the
pores of the polyacrylic acid prototypes. In case of AE 1 (a), the hydrogel structure was
a closely packed EGDMA layer with short polyacrylic acid chains attached to it. For AE
2 (b), higher polyacrylic acid concentration resulted in efficient copolymerization,
suppressing EGDMA dominance and forming hydrogel network with long polyacrylic
acid chains. Whereas for AE 3 (¢), long chains of polyacrylic acid are all over the surface

through loosely packed EGDMA cross-linkage.
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Figure 4.52. Schematic interpretation of formation of hydrogel layer for different prototypes on the surface and inside
the pores

The pore size distribution plots in Figure 4.53 show decrease in pore size with increase
in weight gain. Since, the weight gain is similar, no significant difference in pore size
between AE 1 and AE 3 is observed. The effective pore size is a result of degree of
grafting of the polymer network inside the pores. The pore size is measured by porometry,
under the non-aqueous conditions, therefore precise behavior of the cross-linking degree
and swelling cannot be discussed but can only be predicted. The average pore diameter
was the largest for AE 3 because of the lowest grafting density. AE 2 showed the smallest
pore diameter because of the highest grafting density. Narrowing of the pore diameter
was less effective at lower acrylic acid concentration (AE 1) due to lower polymer
content. The modified membrane was a result of combination of structural changes and
surface chemistry alteration. The effect of structural changes was less with decreasing
cross-linking density suggesting that EGDMA contributes to the structural changes and

polyacrylic acid contributes majorly to the surface chemistry of the modified membrane.
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Figure 4.53. Comparison of pore size distribution between the different polyacrylic acid prototypes

Water uptake data in Figure 4.54 is a consequence of pore filling and water binding on
the outer surface. The pore volume for water absorption decreases on polymer grafting
with higher degree of cross-linking. And sites for water binding on the outer surface
increase with increasing polyacrylic acid chains that increase the polymer network
volume on the surface without changing the geometry. The highest water uptake value
for AE 2 was in line with the result for weight gain and pore size distribution. Due to high
amount of polymer grafting the effective pore volume was reduced but because of high

polyacrylic acid content the water volume for water binding increased. The degree of

Acrylic acid

cross-linking was the highest for AE 1 due to the lowest ratio of [ — ] The

dominant EGDMA homopolymerization along with high cross-linking degree for
poly(EGDMA-co-AA) inside the pores forms a stiff network less hydrophilic in nature.
The most open pores observed by porometry for AE 3 are overestimated because the
measurement does not consider swelling of the chains with non-aqueous solution. The
lower water uptake for AE 3 could be due to heterogeneously distributed poly(EGDMA-
co-AA) chains throughout the porous structure. Due to very low content of EGDMA,
loosely packed long dangling chains of polyacrylic acid are formed which further affects
the interaction with water. Also, more polymer (polyacrylic acid) is grafted in case of

AE 3 than AE 1 (see Figure 4.51) which affects the void volume.
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Figure 4.54. Comparison of water uptake between the different acrylic acid prototypes

The water permeance plots in Figure 4.55 further reveal more about the developed
structure of the modified membranes. Depending on the amount of grafted polymer the
pore volume changes: more grafting leads to less pore volume. AE 3 had the highest
permeance owning the more open structure of the base membrane compared to AE 1 and
AE 2 in addition to grafting with lower EGDMA content. The loosely packed AE 3
structure does not undergo structural changes such as narrowing of the pores due to low
cross-linking density and low grafting. The lowest permeance displayed by AE 2 was in
line with the highest weight gain, pore size distribution result and the lowest water uptake
values of AE 2. The high amount of grafted polymer inside the porous structure and
swelling of polyacrylic acid chains lowered the water permeance. AE 1 showed higher
water permeance than AE 2 due to lower polymer grafting, higher EGDMA cross-linking

density and short polyacrylic acid chains with repressed swelling effect.
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Figure 4.55. Comparison of water permeance between the different acrylic acid prototypes. The red-line shows the
average water permeance for the base membrane measured for 20 samples

The grafted polyacrylic acid chains form the basis for the hydrophilic nature of the
modified membranes. The polar carboxyl groups form hydrogen bonds with water
allowing water to wet the membrane surface for all three modifications as shown in Figure
4.56. The starting contact angles correspond to the polyacrylic acid grafting density.
However, the wetting time was the result of capillary forces acting inside the pores
depending on the pore size. AE 1 showed the faster wetting possibly due to open porous
structure while AE 2 and AE 3 displayed the slow wetting. The differences in the capillary

action could also be introduced due to the base membrane structure and/or the spot of

measurements.
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Figure 4.56. Comparison of change in contact angle with time for polyacrylic acid
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Zeta potential measurements in Figure 4.57 revealed the membrane surface charge
between pH 2 to 11. All the modified membrane plots exhibited negative zeta potential
in the whole pH range unlike PVDF base membrane confirming successful incorporation
of polyacrylic acid into the polymer network. Presence of carboxylic groups in the
polyacrylic acid chain shifted the surface charge of the membrane. The dissociation of
carboxylic surface groups resulted in negative surface charge. Although polyacrylic acid
has pKa value around 4, no IEP was observed because possibly some chains are already
deprotonated even at the pH below 4?34, No significant differences in the trends were
noted between prototypes because enough polyacrylic acid chains are incorporated on the
surface to cause the change of surface charge. Furthermore, after pH 6 the surface charge
stays constant possibly due to saturation of the charge density on the deprotonated

carboxylic chains.
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Figure 4.57. Comparison of zeta potential comparison between different polyacrylic acid prototypes
with respect to the base membrane

The characterization results confirmed the predicted structure of the modified membranes
mentioned in Figure 4.52. The results indicated that contributions of polyacrylic acid
chains increase with decreasing cross-linker concentration however, to maximize the
integration of polyacrylic acid enough (2.5 wt.%) EGDMA molecules should be present
in the reaction zone. It was confirmed that EGDMA mainly influenced the structural
changes upon grafting inside the pores while polyacrylic acid mainly contributed to the

changes in the surface chemistry.
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4.5.2.2 Performance characteristics of the polyacrylic acid prototypes

After understanding the membrane surface chemistry and structural changes brought
about by modification the membrane performance was evaluated. Particle filtration was
performed without stirring to study the blocking mechanism, effect of pH on the flow
properties was analyzed to confirm the pH responsiveness and protein binding was
investigated to determine the extent of fouling caused by BSA. Based on the membrane
performance it would be possible not only to identify the effect of formulation on the
membrane properties but also to establish a relationship between membrane properties
and membrane performance for bioprocessing application such as cell culture
concentration or purification. Hence, allowing the manufacturer (GVS) to fine-tune the
membrane functionalization parameters such as cross-linker or monomer fractions to

achieve the desired membrane properties for particular applications.

Particle filtration

The electrostatic repulsion between the polyacrylic acid chains grafted on the membrane
surface and negatively charged particles in addition to the anti-fouling hydrophilic surface
should enhance the particle retention by preventing them from entering the pores?>2%7,
The blocking mechanism of the particles was studied by analyzing the fouling evolution
as a function of filtration progress. The plots resulting from the filtration study are

presented in Figure 4.58.

120 12E+17

100 1.0E+17

80 8.0E+16

60 6.0E+16

40 4.0E+16

Normalized permeace [%]
Total resistance [1/m]

2.0E+16

0 0.0E+00
0 10 20 30 40 0 20 40 60 80 1
Cumulative volume [ml] Cumumlative volume [%]

(2) (b)

123



100 /_,.— 100
90 / 90
80 / 80
70 /’// s 70
£ 6 / P4 )
o
Z 50 E s
= \ ol
é o pd g u 44
=
30 ‘\ - '/./ V;.“ 29
\\_ 7 / =AE1 g 3
20 —
\ — /./ -=AE 2 20 21
10
o\ s
0 20 40 60 80 1 0
Cumulative volume [%] AE 1 AE 2 AE 3
(c) (d)

Figure 4.58. Plots from the filtration study of the polyacrylic acid prototypes without stirring at 0.5 bar: (a)
normalized permeance, (b) total filtration resistance, (c) particle retention, and (d) drop in water permeance

During the initial stages of filtration, sufficiently smaller particles [218 nm] (see Table
4.5) than the membrane pores [~ 450 nm], are transported through the membrane in all
three cases. The concentration of the particles increases at the membrane surface as the
filtration progresses. The clustering and aggregation of the particles on the membrane
surface depends on the particle-membrane interaction and particle suspension stability?3®,
High density of polyacrylic acid chains on the surface showed higher rejection of particles
leading to faster cake layer formation by preventing particle penetration due to
electrostatic repulsion. The influence of polyacrylic acid on the surface chemistry was
enhanced with decreasing cross-linker concentration; polyacrylic acid chains swell more

at low degree of cross-linking.

The EGDMA dominant highly cross-linked AE 1 structure had bigger pores with few
polyacrylic acid short chains as seen in Figure 4.52. Due to open structure sufficiently,
smaller particles are transported through the membrane. Lower density of polyacrylic
acid grafting allows adsorption of particles and intermediate blocking. The particles were
transported across the membrane until a cake layer was formed - after 90 % volume was
filtered. Therefore, throughout the filtration, the retention was low, permeance was high
and the resistance build-up for the filtration was very slow. Since, majority of the particles

were transported through the membrane the drop in flux is low.

The high polyacrylic acid density along with high degree of cross-linking in AE 2 resulted
in a narrowed pore size and swelling of the chains. These chains repel the particles and
narrowed pore size hinder easy passage of particles through the porous structure. As a

result, rate of cake layer formation was reached relatively faster which means the drop in
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filtration permeance was higher and the faster rate of particle build-up was reflected in
the filtration resistance plot. The low adsorption capacity of the polyacrylic acid chains
allows particles to aggregate on the surface leading to faster blockage of the membrane
pores. Therefore, the drop in permeance was high, and the filtration resistance increased
rapidly. The irreversible adsorption of the agglomerated particles due to cake layer

formation and high internal particle trapping resulted in drop of permeance after filtration.

Although the polyacrylic acid chain length was higher in AE 3 the overall grafting density
was low due to low EGDMA content. AE 3 formed an open loosely packed structure with
dangling chains of polyacrylic acid due to low degree of cross-linking. Thanks to the
dangling chains that can interact with the particles, AE 3 retains more particles than AE
1. The membrane resistance for AE 1 and AE 3 is same, but the drop in permeance is
different (AE 3 > AE 1). This could be due to the different initial permeance of the
membranes. The more open AE 3 base membrane has higher surface area to absorb more
particles inside the pore structure leading to higher retention, but reduced filtration
permeance and lower recovery. The overall retention for AE 3 is still very low because

of the open structure base membrane structure.

The goal of these prototypes was to maximize the recovery of particles by preventing
losses due to adsorption and penetration. The particle recovery in Figure 4.59 was
determined by calculating the concentration of particles retained and recovered from the
membrane after the filtration. The results of particle recovery are in good agreement with
membrane resistance. Due to high density of polyacrylic acid chains in AE 2, the recovery
of the particles was the highest followed by AE 3 and AE 1 the lowest. Furthermore, the
pH-responsive behavior of the acrylic acid membranes can be exploited to enhance the
particle recovery by manipulating pH and/or introducing a backflushing step at high pH.
Depending on the final application certain techniques can be implemented by the end user

of the membrane to enhance the membrane performance.
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Figure 4.59. The number of particles recovered after the filtration for polyacrylic acid prototypes

The SEM micrographs of the top surface and the cross-section post filtration gave further
insights into the blocking mechanism based on the location of the particles within the
pore structure. Despite the surface modification strategies and washing, particles attached
to the membrane surface. Majority of the particles were retained on the top surface of the
membrane upon formation of the cake layer in the later part of the filtration. This can be
clearly seen in the SEM micrographs for the top surface of all three prototypes in Figure
4.60. However, the cross-section SEM revealed particles entering the porous structure of
the membrane. The particles were mainly concentrated in the top part of the cross-section.
Relatively, less particles were observed in case of open structured AE 3 compared to AE
1 (see Figure 4.58). Particles easily enter inside the open porous structure and penetrate;
but as filtration progresses particle concentration increases leading to trapping of particles
inside the sponge-like membrane structure resulting in permeance drop. The particle
challenge increases as filtration progresses which increases the particle load in the cake
layer. The negative charge of adsorbed particles in addition to the membrane negative
charge results in stronger repulsion of the incoming particles. This reduced the deposition
of the particles and avoids clogging. The entering of the particles in the porous structure
can be due to the breakthrough of the cake layer or could be a result of initial deposition
before formation of the cake-layer. Since, no drop in retention is observed due to particle
detection after cake-layer maturation it is impossible for a breakthrough to have occurred.
Hence, the particles in the top-part of the membrane were possibly the result of
irreversible fouling upon adsorption during the initial stages. The evolution of fouling at

different stages during filtration is explained by Xiao et al.?** The results also indicate
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that the negative surface charge of the membrane is not enough to avoid the adsorption
of the agglomerated particles under the given filtration conditions due to smaller size of
the particles compared to the membrane pore size which get trapped inside the membrane

pore structure.
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Figure 4.60. SEM micrographs of the top surface and cross-section after filtration for
different prototypes of polyacrylic acid

Figure 4.61 displays the retention plots for the acrylic acid modifications carried out with
a syringe filter set-up. The retention results complemented the results obtained with
stirred cell filtration. The plots were more revealing about the more effective role of
polyacrylic acid chains in the retention with decreasing cross-linker amount. With
decreasing influence of polyacrylic acid chains on the membrane surface the retention of
the particles decreased confirming that the dangling chains of acrylic acid interacted with

particles enhancing the retention.
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Figure 4.61. Particle retention for the syringe filtration at ~ 0.5 bar with polyacrylic acid prototypes
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Figure 4.62. Schematic interpretation of particle blocking and cake layer formation as the filtration progresses for
polyacrylic acid functionalized membranes

Effect of pH

Polyacrylic acid is utilized in this work to minimize adsorption of negatively charged
biological particles on to the membrane surface based on the electrostatic interactions.
Moreover, the pH responsive behavior can be further exploited to enhance the particle
recovery by using an external stimulus. Conversely, positively charged particles can be

captured by utilizing the polyacrylic acid functionalized membrane as an affinity filter.

Figure 4.64 shows the pH dependence of permeance for all three prototypes. The
permeation rate for the membranes was slow above pH 3 due to swelling of the carboxyl
chains. Dissociation of carboxyl chains takes place at pH higher than 4.3 (pKa =4.3). As
the hydroxyl ion concentration increases in the aqueous solution with pH, the dissociation
of carboxyl chains is accelerated. The conformational changes attributed to pH are shown
in Figure 4.63. Under high pH conditions, the dissociated chains swell as a result of
electrostatic repulsion between side groups. The chains inside the pores narrow the
effective pore diameter reducing the permeance. However, at low pH chains assume
helical conformation reducing the steric obstruction in the pores?®’. Several studies

concerning the dependence of permeance on pH have been reported?®! 264,
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Figure 4.63. pH responsive behavior of the polyacrylic acid chains

Interestingly, the overall percentage drop in permeance with increasing pH from 3 to 11
in Figure 4.64 was different depending on the prototype. The pH dependence is regulated
by the surface density of the grafted polyacrylic acid chains. AE 1 had the least drop (61
%) followed by AE 2 (73 %) and the highest drop for AE 3 (89 %). This further confirmed
the hypothesis that on decreasing EGDMA concentration the influence of polyacrylic acid
surface chemistry increases. Furthermore, the drop in permeance after pH 7 was not
significant since the pKa value for polyacrylic acid lies between pH 3 and 7 (4.3).
Therefore, the deprotonation and consequent swelling occurs between pH 3 and pH 7
leading to the drastic drop in the permeance. However, further increasing pH from 7 to

11 deprotonates remaining chains but the effect was smaller as most of the chains were

already deprotonated.
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Figure 4.64. pH responsive behavior in 0.1 M PBS of the acrylic acid functionalized membrane: narrowing of the
pores at basic pH due to swelling of the carboxylic chains on deprotonation resulting in lower water permeance

Protein binding

Adsorption of BSA (5 mg/ml) on polyacrylic acid prototypes in the static mode:
membranes submerged in BSA solution and dynamic mode: BSA solution filtered

through the membrane is reported in Figure 4.65
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The interaction of

proteins with the membrane surface depends on the properties of the protein such as size,
charge, structure and the characteristics of the membrane such as charge, hydrophilicity,
morphology, and surface properties?®. BSA is a relatively large protein (66.5 kDa) with
583 amino acid residues and isoelectric point of pH 4.7 in water at 25 °C26:267_n this
work, BSA solution was prepared at pH 7 in 0.1 M PBS where it has negative surface
charge. Immobilization of polyacrylic acid chains on the membrane surface reduces the
protein binding. The carboxyl groups form hydrogen bonds with water generating a
hydration layer on the surface which prevents proteins from interacting through van der
Waals forces and hydrophobic interactions?®®. Moreover, the electrostatic repulsion
between deprotonated carboxyl chains and BSA at pH 7 further minimizes protein

adsorption.

AE 3 showed very high protein binding compared to AE 1 and AE 2 in Figure 4.65
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in both static and

dynamic mode. The BSA adsorption depended on the degree of grafting, hydrogel
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network density and the fraction of polyacrylic acid in the hydrogel coating. Although
degree of grafting for AE 3 was similar to AE 1, lower hydrogel network density and
lower fraction of polyacrylic acid due to less EGDMA resulted in inefficient coating.
High protein binding suggested heterogenous surface grafting with inefficient
functionalization inside the pores resulting in hydrogel lean spots. When exposed to BSA,
it binds to the vulnerable hydrogel lean spots through van der Waals and hydrophobic
interaction resulting in high protein binding. The binding in dynamic mode was higher
than static because the interaction points for BSA when forced through the membrane at
0.1 bar are more allowing higher adsorption and deposition throughout the porous
structure. The efficient functionalization as a result of high degree of grafting, high
hydrogel network density and high fraction of polyacrylic acid throughout the porous
structure leads to hydrophilic improvement preventing protein binding in AE 1 and AE
226 The very low protein binding for both implied the necessity of higher content of
EGDMA for efficient grafting of polyacrylic acid chains throughout the porous structure.
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Figure 4.65. Dynamic and static protein binding with 5 mg/ml BSA for different polyacrylic acid prototypes
Figure 4.66 (a) shows the permeance values for water, PBS and BSA measured during
the dynamic protein binding experiment. It is known that above pH 4.3, on dissociation
of carboxyl groups the electrostatic energy overcomes the entropic contribution to the
free energy resulting in chain extension®’°. This extension causes narrowing of the pores.
But in the presence of salts, the high ionic strength of the solution screens the repulsive
electrostatic interactions causing entropic contribution to predominate again?’!. This
phenomenon explained the higher permeance for PBS and BSA than water due to

presence of salts which reduced the chain swelling at a relatively high PBS concentration
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of 0.1 M. The permeance for PBS and BSA was a result of membrane morphology and
was independent of chain swelling. The data in Figure 4.66 (b) conveys the drop in water
permeance after protein binding. The data showed the regenerating capacity of the
membrane which can be improved upon further fine-tuning to maximize polyacrylic acid
content. Upon rinsing with water, the permeance can be recovered to some extent but
recovery to its initial value was not possible. The protein binding was a result of BSA
adsorption and deposition throughout the porous structure reversibly and irreversibly?’2,
The reversible fouling can be removed by washing leading to the observed recovery
however, the irreversible fouling cannot be eliminated. The irreversible fouling caused
the drop in permeance which was inversely proportional to the grafted polyacrylic acid
chains. The extent of fouling and permeance recovery can also be further enhanced by

utilizing the pH responsiveness of the chains and externally manipulating the pH of the
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Figure 4.66. Results from dynamic protein binding: (a) permeance of water, PBS and BSA and (b) drop in water
permeance before and after the protein binding

4.5.3 PolyHEMA functionalized membranes

Membranes modified with polyHEMA have been used in numerous applications due to
their hydrophilicity?’*, biocompatibility?’>276, and anti-fouling property'3%?7”. In addition
to the m-bond, presence of a hydrophilic pendant hydroxy group allows its versatile
modification to provide wide range of derivates for various purposes. This makes HEMA
an attractive candidate for membrane grafting through polymerization?’2% and hence
was utilized to develop a new hydrophilic prototype with hydrophilic anti-fouling

properties via two-step graft coating polymerization method.
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HEMA, a vinyl monomer reacts in the redox initiated system by addition mechanism
similar to acrylic acid due to the presence of a m-bond. Numerous studies of HEMA graft
polymerization through electron transfer process have been reported in the
literature?®-282. Although, HEMA is a vinyl monomer similar to polyacrylic acid the
fundamental differences between both result in different polymerization mechanism. The
presence of a methacrylate group upon auto polymerization reduces the water solubility
due to increase in the methyl content upon formation of a long chain. Moreover, from the
thermodynamic perspective, structural similarity between HEMA and EGDMA leads to
“smoother” copolymerization resulting in higher degree of grafting than acrylic acid. The
goal was to create an effective hydration layer as a result of hydrogen bonding between
water and hydroxy group on the surface by grafting multiple HEMA chains. This anti-
fouling hydration layer should avoid proteins from interacting with the membrane
surface. Similar to acrylic acid three prototypes were developed according to the
formulation shown in Table 4.7 in an attempt to enhance HEMA participation and

suppress EGDMA dominance in the hydrogel network.

Table 4.7. Modification formulation used for developing the HEMA prototypes with their corresponding codes

Modification formulation [wt.%] [;}E}% Membrane code
HEMA 5 % + EGDMA 2.5 % 2 HE 1
HEMA 10 % + EGDMA 2.5 % 4 HE 2

HEMA 10 % + EGDMA 1.25 % 6 HE 3

4.5.3.1 Modified membrane characterization

The effect of cross-linker and HEMA on polymerization and consequently on the final
membrane properties was studied by analyzing membrane surface chemistry,
morphology and flow properties. HEMA has a greater tendency to homopolymerize

compared to acrylic acid because of the hydrogen bond and dipole interactions between
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HEMA monomers. Hence, HEMA-HEMA interactions are thermodynamically more
favorable than acrylic acid-acrylic acid interactions which are affected by interactions of
highly electronegative carboxylic groups?®’. The hydrogel grafted data confirmed higher

weight gain for HEMA than polyacrylic acid for same formulations.

) . [ HEMA
The local concentration ratio [

- GDMA] in the reaction zone governs the polymerization.

On increasing HEMA concentration the incorporation of HEMA in the polymer network

) ) . [ HEMA
increased. The lowest local concentration ratio [

] for HE 1 suggests dominance of
EGDMA

EGDMA in the polymer network due to lack of HEMA monomers near the reaction zone.
However, on doubling HEMA concentration in HE 2, the weight gain increased by ~90
% 1in Figure 4.68. At higher HEMA concentration, the growing macroradicals have a
better chance to come in contact with PolyHEMA thereby, achieve higher degree of
grafting suppressing EGDMA homopolymerization. Even though the local concentration
ratio was high the weight gain for HE 3 was lower than HE 1 due to lower EGDMA
concentration; the lower degree of cross-linking is incapable of integrating all HEMA
molecules into the polymer network. The viscosity of solution increases at higher HEMA
concentration making it difficult for HEMA to diffuse towards the membrane surface

with limited active macroradicals due to lower content of EGDMA.
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Figure 4.68. Comparison of weight gained after functionalization between the different HEMA prototypes
The shift of mean pore size towards smaller pore diameter depends on the weight gain,
1.e., amount of polymer grafted in the pore well. The mean pore size in Figure 4.69

corresponds to the weight gain: higher the weight gain, lower the mean pore diameter.

The cross-linking degree of the grafted polymer relies on the total polymer content and
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EGDMA fraction. The shift of mean pore size towards smaller pore diameter with
increasing cross-linking density in Figure 4.69 confirmed formation of highly cross-
linked dense polymer network as a result of “smooth” polymerization between HEMA
and EGDMA. The shift for HE 1 and HE 2 towards left was more than polyacrylic acid
(Figure 4.53) and overlapping of HE 1 and HE 2 suggested that at 2.5 wt.% EGDMA a
dense structure is formed narrowing the pores of the membrane. This effect was absent
for polyacrylic acid because of the cascading effect of HEMA monomers during radical

polymerization and more efficient copolymerization with EGDMA.
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Figure 4.69. Comparison of pore size distribution between the different HEMA prototypes

The water uptake values for polyHEMA in Figure 4.70 were less than polyacrylic acid
for all three formulations because the mass gained upon polymerization for polyHEMA
was higher than polyacrylic acid. Higher weight gain and smaller pore size distribution
than polyacrylic acid attest higher amount of polymer grafting. The weight gained by
HEMA modifications corresponds to the polymer grafted in the pore wells and was
inversely proportional to water uptake. PolyHEMA forms a highly cross-linked dense
polymer network within the porous structure reducing the effective void volume.
Moreover, ability of polyHEMA to swell was reduced as a result of rigid structure with
high degree of cross-linking. Water uptake for HE 2 was the lowest whereas HE 1 and
HE 3 showed similar values (see Figure 4.70). The weight gained by HE 2 was the highest
compared to HE 3 and HE 1, but the total polymer concentration (HEMA + EGDMA) is
almost the same. This was due to the fraction of EGDMA which not only affects the
cross-linking density but also the hydrogel grafting. HE 2 had the highest polymer content

resulting in highest degree of grafting thus lowest degree of swelling and free volume.
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HE 3 had the highest water uptake due low degree of cross-linking forming an open
structure with loosely packed chains rather than a dense polymer structure. Moreover, HE

1 should have the highest cross-linking density due to the highest fraction of EGDMA.
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Figure 4.70. Comparison of water uptake between the different HEMA prototypes

Figure 4.71 projects the possible hydrogel network formed on the surface and inside the
pores of the polyHEMA prototypes. Unlike polyacrylic acid, polyHEMA forms a dense
hydrogel layer on the membrane surface. Hydrogel layer is a highly cross-linked polymer
network between EGDMA and PolyHEMA which influenced the pore structure upon
grafting. For HE 1, a rigid hydrogel structure is formed on the EGDMA backbone that
dominated the hydrogel network. But for HE 2, HEMA rapidly converts into polyHEMA
chains which were cross-linked onto the surface by EGDMA forming a dense hydrogel
structure dominated by polyHEMA. And finally in case of HE 3, a loosely packed
hydrogel structure mainly formed of polyHEMA chains with low degree of cross-linking

was formed.
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Figure 4.71. Schematic interpretation of formation of hydrogel layer for different HEMA prototypes on the surface
and inside the pores

The effective pore size and hydrophilicity are the two factors that affect water

permeance'??

. Grafting of polyHEMA chains on the surface of the membranes enhances
hydrophilicity allowing water to permeate with ease’®*. However, for microfiltration
membranes pore size plays more important role and the permeance is strongly dependent
on the pore size. Therefore, selection of the base membrane with appropriate pore
structure is integral to the final membrane selectivity and flux. HE 3 had the highest water
permeance (see Figure 4.72) due to the relatively open base membrane structure
dominated by loosely packed chains of polyHEMA. Whereas, HE 1and HE 2 had lower

permeance as a result of narrowing of the pore structure upon formation of highly cross-

linked dense polymer network.
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Figure 4.72. Comparison of water permeance between the different HEMA prototypes. The red-line shows the
average water permeance for the base membrane measured for 20 samples
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The enrichment of polyHEMA chains on the membrane surfaces promisingly improves
the hydrophilicity of the prototypes due to the presence of -OH groups®®®. However,
difference in the starting contact angle and the wetting time can be observed between the
prototypes in Figure 4.73. HE 2 had the lowest starting contact angle ~75°, where as HE
1 and HE 3 had ~78° and ~88° respectively. HE 1 wets the fastest under 3 secs. While
HE 2 and HE 3 took around 6 secs. The polyHEMA gives membranes hydrophilicity but
the architecture of the grafted polymer network and surface porosity cause the distinct
differences. The more open top surface accelerates the transport of water droplets through

the membrane due to capillary effects?®®.

Additionally, difference in surface
concentration of polyHEMA chains also dictates the interaction of water droplets with
the membrane. HE 2 had the highest grafting of polyHEMA but lowest pore diameter due
to narrowing of the pores on grafting. Thereby, the starting contact angle was low but the
wetting time was high due to the narrowed pore structure. HE 3 formed an open structure
but with relatively low polyHEMA chains resulting in high starting contact angle. HE 1
due to higher fraction of EGDMA formed highly cross-linked rigid structure resulting in
~78°, however the low wetting time (< 3 secs.) could be due to an open base membrane.

Moreover, the lower starting contact angle than polyacrylic acid prototypes confirmed

higher polyHEMA segments in the polymer network.
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Figure 4.73. Comparison of change in contact angle with time for POLYHEMA prototypes

The polar nature of polyHEMA shifted the isoelectric point of the PVDF base membrane
from pH ~4 to pH ~2.5. The surface charge decreases with increasing pH (higher
hydroxyl ions in aqueous medium) and with increasing polyHEMA segments. In case of

polyacrylic the charge became suddenly negative upon deprotonation (around pH 4).
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Compared to the surface charge for polyacrylic acid the drop in charge is gradual.
Therefore, the behavior of surface charge is fixed depending on the adsorbed ions. The
influence of HEMA chains on the surface was reduced by increasing the EGDMA
concentration. At 2.5 wt.% EGDMA, degree of cross-linking increased forming a dense
copolymerized poly(EGDMA-co-HEMA) polymer network. Therefore, the zeta potential
plots for HE 1 is above HE 2 and HE 3. The difference in surface charge as a result of the
group in adsorbed ion is evident on comparing polyHEMA zeta potential data with

polyacrylic acid (cf. Figure 4.57).
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Figure 4.74. Zeta potential measurements of the different HEMA prototypes

These findings confirm that HEMA and EGDMA copolymerize smoothly to form a
highly cross-linked polymer network. The degree of cross-linking is governed by the local
concentration ratio in the reaction zone. On increasing the HEMA concentration, a highly
cross-linked dense network dominated by polyHEMA is formed. On decreasing EGDMA
concentration, a loosely packed structure with chains of HEMA is formed. EGDMA
contributes the structural changes in the pores and HEMA at low concentrations largely
contributes to the surface chemistry but at high concentrations is also responsible for the

structural changes.

4.5.3.2 Membrane performance characterization

Similar to polyacrylic acid, the developed HEMA prototypes were characterized for their
performance to establish a relationship between the membrane properties and membrane

performance. The effect of HEMA modification on particle retention and protein fouling
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was analyzed by carrying out the filtration study and protein binding experiments. The

results were compared to identify the formulation for industrial upscaling.

Particle filtration

A comprehensive study same as polyacrylic acid was implemented to get an in-depth
understanding about the blocking mechanism. The evolution of blocking mechanism was
monitored by analyzing the movement of the particles with time during the filtration
process. The negative surface charge on the membrane surface at pH 7 should repulse the
particles additionally, the presence of hydration layer should minimize the particle
interaction with the membrane. The plots resulting from the filtration study are

represented in Figure 4.75.
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Figure 4.75. Plots from the filtration study of POLYHEMA prototypes without stirring at 0.5 bar: (a) normalized
permeance, (b) total filtration resistance, (c) particle retention, and (d) drop in water permeance

Initially during the filtration, the particles penetrate the membranes due to the large
difference between pore diameter and particle size. The concentration of the particles at

the membrane surface increased with filtration, the deposition of the particles depends on
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the interaction of the particles with membrane and particle stability?>®. The initial high
retention seen for all three is the residual water present in the system after the water
permeance test performed before the filtration. The high density of polyHEMA segments
on the surface should increase the hydrophilicity and the swelling resulting in a strong
hydration layer on the membrane surface. However, swelling of the grafted polyHEMA
chains depends on the degree of cross-linking. With increasing cross-linking degree, the
swelling ability of polyHEMA chains is compromised and a rigid polymer network is
formed. The cross-linking degree increases with EGDMA content. The retention was the
result of the pore structural changes upon hydrogel grafting.

HEMA
EGDMA

The low ratio of in HE 1 resulted in a rigid highly cross-linked polymer structure

dominated by EGDMA which gives rise to a relatively weaker hydration layer due to
lower fraction of polyHEMA and lack of swelling. This allows particles to adsorb leading
to intermediate blocking. However, formation of rigid hydrogel structure inside the pores
reduces the effective pore diameter. Thereby, hindering the passage of particles as the
concentration at the surface increases and eventually resulting in a cake layer formation
after 60 % filtration progress. The reduction of filtration permeance corresponds to the
particle build-up on the membrane surface, this increased the filtration resistance as seen
in Figure 4.75. The highest drop of water permeance after filtration was because of the
irreversible fouling possibly caused not just by weak hydration layer but due to the
mechanical interactions between the particles inside the porous structure and the
membrane walls. Since the particle size is smaller than the pore size certain particles enter

the porous structure.

The higher polyHEMA density in case of HE 2 creates a strong hydration layer on the
surface additionally, and mass gain upon grafted polymer reduces the effective pore
diameter. The strong hydration layer does not allow particles to interact with the
membrane reducing the adsorption and intermediate blocking. Moreover, upon increasing
particle concentration at the surface a cake layer is formed relatively quickly after 40 %
filtration progress. The corresponding increase in filtration resistance due to particle
build-up also results in reduction in permeance. The lower drop in water permeance for

HE 2 than HE 1 confirms low adsorption capacity upon higher grafting of polyHEMA.

The reduction in EGDMA content in HE 3 results in lower grafting of polymer although

polyHEMA fraction is higher. This results in an open structure with low density of
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polyHEMA chains on the surface. The loosely packed open structure with polyHEMA
chains interact with the particles preventing them from entering the pores but higher
permeance due to open structure lead to higher particle penetration. PolyHEMA chains
became effective only at high particle concentration. Therefore, during majority of the
filtration (80 %) particles transported through the membrane resulting in fouling via
adsorption and intermediate blocking. As a result, the permeance was relatively higher
and the filtration resistance was low due to inefficient particle build-up at the surface.
Also, the water permeance drop was the lowest for HE 3 as majority of the particles pass

through the membrane due to the large difference in pore diameter and particle size.

The prototypes aim at maximizing the recovery of the particles after filtration by retaining
maximum particles and preventing loss of particles by fouling. However, particles
significantly smaller in size than membrane pores were chosen to study filtration
mechanism. Figure 4.76 illustrates the particle recovery from the retentate and the
membrane surface after filtration. It further supports the hypothesis that formation of a
strong hydration layer reduces particle interaction with the membrane. The strong
hydration layer and the reduced pore diameter for HE 2 prevented particles from entering
the pores and can be recovered to some extent by washing. The lower recovery for HE 1
could be a result of weak hydration layer due to EGDMA dominance in the polymer
network and lower degree of swelling. Whereas, HE 3 forms a loosely packed open
structure which allows majority of the particles to penetrate as seen from the retention

data. Thereby, resulting in less particles entrapped in the membrane.
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Figure 4.76. The number of particles recovered after the filtration for POLYHEMA prototypes
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SEM micrographs were obtained for the top surface and the cross-section of the
POLYHEMA prototypes after filtration to get further insights into the blocking
mechanism. Homogenous deposition of particles on the top-surface of the membrane can
be observed after filtration indicating adsorption and aggregation of the particles despite
of the hydration layer and particle stability. The particle concentration at the membrane
surface increases as the filtration progresses. Since, no additional stabilizers are added in
the suspension such as surfactants it is possible that decreased energy barrier facilitates
aggregation resulting in irreversible fouling at the open membrane surface. The addition
of stabilizers (surfactants) was avoided to prevent alteration of the membrane surface
properties which affects the filtration performance as reported by Pazouki et al.?®’ It
should be noted that the filtrations were carried out without stirring to allow the natural
particle build-up based on the particle-membrane interaction. Cross-section of HE 1
revealed the high density grafting possibly of EGDMA dominant polymer inside the
porous structure. The fibers from the dense polymer network can be spotted in Figure
4.77. However, similar dense polymer network was not seen for HE 2 and HE 3. High
HEMA concentration competes for the radicals and suppresses EGDMA
autopolymerization in the porous structure. While, reduced EGDMA concentration at
high polyHEMA content results in loosely packed polyHEMA chains on the surface of
the membrane. The particles were observed in the top part of the membrane in the cross-
section micrographs for all the prototypes. During the initial stages of the filtration,
sufficiently smaller sized particles can easily penetrate the membrane. This leads to
fouling of the open structure via adsorption and intermediate blocking as explained in the
fouling evolution model by Xiao and coworkers®®®. The weak hydration layer due to
dominant EGDMA in HE 1 allowed particles to adsorb on the surface. Furthermore,
irreversible fouling inside the porous structure of HE 1 by particle adsorption is evident
from the SEM micrographs. The EGDMA dominance in the polymer network inversely
affects the filtration efficiency. In case of HE 2, although particles were deposited
irreversibly on the top part of the membrane, no particles are observed inside the porous
structure. The effective polymerization inside the porous structure avoids adsorption and
clogging. In addition to the functionalized surface that reduces particles from entering.
HE 3 forms an open structure which allows particle passage through the membrane,
however lower mass gain upon grafting due to low EGDMA content results in
heterogenous polyHEMA chains on the membrane surface. The heterogeneity allowed

particles to irreversibly deposit on the membrane surface and inside the porous structure.
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Figure 4.77. SEM micrographs of the top surface and cross-section after filtration for different prototypes of
POLYHEMA

Figure 4.78 demonstrates the particle retention for HEMA prototypes carried out in the
syringe filter system in a dead-end-filtration process. The results further supported the
claim that strong hydration layer and HEMA chains enhance particle retention. HE 2
displayed the highest retention due to structural changes and strong hydration layer.
However, drop in retention was observed in the last permeate is due to the breakthrough
of the cake layer as a result of either high particle load or over pressure. HE 3 lead to the
cake-layer formation through eventual build-up of the particles thanks to the interaction
of HEMA chains with the particles. Interestingly, HE 1 fails to form a cake layer upon
complete blocking of the pores until end of the filtration. The restricted swelling of
grafted polyHEMA due to higher EGDMA fraction and weak hydration layer allowed
continues penetration of the particles supporting the claim that high EGDMA content
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inversely affects filtration efficiency. The results obtained by syringe filtration further

bolster the theories explained for the Amicon cell filtration.
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Figure 4.78. Particle retention for syringe filtration of POLYHEMA at ~ 0.5 bar with POLYHEMA prototypes
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represents the blocking mechanism involved in the filtration with polyHEMA prototypes.
At stage 1, particles penetrate due to smaller size than the pore diameter. As the particle
challenge increases in stage 2, the hydration layer becomes effective in preventing
particles from interacting with the membrane. This results in particle aggregation at the
membrane surface. In stage 3, a strong cake layer is formed retaining all the particles on

the surface.
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Figure 4.79. Schematic interpretation of particle blocking and cake layer formation as the filtration progresses for
HEMA prototypes

The filtration results confirmed that the retention of the particles is governed by the
structural changes upon hydrogel formation and surface chemistry changes upon HEMA
domination. Ideally, for effective HEMA filtration the dual effect of hydration layer and
HEMA chains for particle retention should actively play a role to minimize the particle
interaction with the membrane. Additionally, narrowing of the pores helped avoid
particles from entering. Nevertheless, the base membrane porous structure holds a key
for creating effective functionalized membrane and consequently a membrane with high

selectivity.

Protein binding

To investigate the protein binding ability of polyHEMA prototypes, experiments in static
and dynamic mode were conducted with stable BSA (66.5 kDa) solution at pH 7 in 0.1
M PBS. Figure 4.80 demonstrates the protein binding for polyHEMA prototypes in static
and dynamic mode carried out with BSA (5 mg/ml). The effect of protein fouling on
water permeation recovery was also analyzed. Numerous studies have suggested
operating: away from the protein isoelectric point (IEP, for BSA = ~4.7)?%2%_ at low

ionic strength of the solution®! 292,

and with hydrophilic membrane surface chemistry
PolyHEMA chains in its fully hydrated state are highly hydrophilic due to the presence
of hydroxyl group. Membranes grafted with polyHEMA chains interact with water by
creating hydrogen bonds and forming a hydration layer highly resistant to protein

293

adsorption in aqueous medium="-. Moreover, the uptake of the proteins is reduced based
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on the zeta potential data due to the electrostatic repulsions between negatively membrane

surface and negatively charged BSA at pH 7%,

Therefore, higher polyHEMA density on the surface reduces the protein adsorption of the
membrane. HE 3 binds the most amount of protein compared to HE 1 and HE 2. Low
EGDMA content results in low degree of grafting forming loosely packed polyHEMA
chains heterogeneously distributed on the surface. This creates hydrogel lean patches in
the porous structure where BSA can bind. Similar phenomenon was observed for
polyacrylic acid at low EGDMA content however, the lower protein binding for HE 3
than AE 3 confirmed “smoother” copolymerization of methacrylates (EGDMA-HEMA)
resulting in higher grafting. Dynamic protein binding values were higher than static mode
due to different mass transfer conditions. Also, dynamic mode enables higher number of

interaction points for BSA within the porous structure in contrast to static mode.

HE 1 and HE 2 showed very low protein binding (< 5 pug/cm?) when exposed to 6.5
mg/cm? of BSA because of higher degree of grafting of polyHEMA chains in the presence
of 2.5 wt.% EGDMA. The preliminary results obtained are proof of the concept for
development of the polyHEMA membranes with very low protein binding. Further in-
depth study can be performed to understand the influence of concentration, protein type,
ionic strength and pH. But due to time constraints it was not considered in this work. The
detailed molecular study about the interactions of proteins with surfaces are reported in

literature?”-27,
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Figure 4.80. Dynamic and static protein binding with 5 mg/ml BSA for different POLYHEMA prototypes
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The fouling of the membranes due to adsorption of BSA was analyzed by determining
the drop in water permeance before and after protein binding along with monitoring of
the permeance of PBS and BSA during dynamic protein binding experiments. Since,
polyHEMA chains do not undergo conformational changes like polyacrylic acid, no
difference between water, PBS & BSA permeance was observed. The permeance in
Figure 4.80 plot (a) was expected as a result of mass gained leading to pore structure
changes upon hydrogel grafting. HE 1 showed the lowest permeance because of EGDMA
dominance in the porous structure of the base membrane with smaller pore size. HE 3 due
to the open structure had the higher permeance than HE 2 which was expected to have
the lowest permeance due to the highest mass gain upon grafting. Plot (b) in Figure 4.81
represents the drop in water permeance reflecting the extent of irreversible protein fouling
due to adsorption and deposition of BSA. HE 3 showed the highest fouling because of
formation of heterogenous polyHEMA chains, the modification homogeneity is not
maintained in HE 3. Fouling in HE 1 is due to the weaker hydration layer formed because

of EGDMA dominance and the drop is the least for HE 2, thanks to the strong hydration

layer.
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Figure 4.81. Results from dynamic protein binding: (a) permeance of water, PBS and BSA and (b) drop in water
permeance before and after the protein binding

4.5.4 Prototype formulation for the industrial trial

Polyacrylic acid and polyHEMA can be successfully grafted on to the PVDF membrane
via two-step graft coating polymerization and show promising potential to be utilized as
new membrane products for bioprocessing applications. Final membrane properties were
influenced based on the chosen EGDMA-monomer ratio; the lower the ratio higher the
influence on the surface chemistry. Insufficient EGDMA leads to inhomogeneous

polymerization creating hydrogel lean spots vulnerable for protein binding. AE 2 showed
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the best responsive behavior and highest particle recovery along with very low protein

binding, therefore was selected for the industrial upscaling.

The ideal hydrogel structure with HEMA should form a strong hydration layer on the
surface with polyHEMA chains that can additionally interact with the particles.
Formation of a highly cross-linked dense hydrogel layer due to high amount of polymer
content leads to an ineffective rigid coating instead of chains. Therefore, a formulation
with lower net polymer content (EGDMA + HEMA) should be considered. Hence, after
assessing the availability of chemicals formulation: 1.5 wt.% EGDMA and 6.5 wt.%
HEMA was selected to perform industrial upscaling of the HEMA prototype.

4.6 Industrial upscaling

A relationship between modification formulation and membrane properties was
established in section 4.5. And the effect of membrane properties on the performance was
revealed by understanding the filtration mechanism and protein fouling. Based on the
obtained results one formulation for each: polyacrylic acid and polyHEMA was chosen
for the industrial upscaling. The chosen polyacrylic acid and polyHEMA formulation is
mentioned in Table 4.8 and Table 4.9 respectively. For convenience the industrially
modified polyacrylic acid and polyHEMA membranes were referred as prototype A and
H respectively.

Table 4.8. Polyacrylic acid formulation selected for the industrial trial

Solution 1 [wt. %] Solution 2 [wt. %]
H>0, EGDMA IPA AA FeCl,.4H.O Vit C RO water
6 2.5 91.5 10 0.28 1 88.72

Table 4.9. PolyHEMA formulation selected for the industrial trial

Solution 1 [wt. %] Solution 2 [wt. %]
H>0> EGDMA IPA HEMA  FeClh.4H,O VitC RO water
6 1.5 92.5 6.5 0.28 1 92.22

The industrial upscaling was carried out in the production facility of GV'S on the industrial

membrane post-treatment line. The analysis of the industrial prototypes is divided into
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two parts. In the first part, prototype H is characterized for its flow properties, pore size,
wettability, thermal stability and chemical compatibility not only to confirm the
successful upscaling but also to make sure that it satisfies the industrial standards as a
“new” hydrophilic product. This characterization data also formed a basis for defining
the membrane specifications of the potential new hydrophilic product in the later stages.
The second part of the study concerns comparison of prototype A and prototype H with
a competitor membrane (reference) for their performance. Relevant membrane
characteristics, particle retention, protein binding and cell culture filtration for all three
membranes was carried out. The PVDF based competitor membrane is widely used for

bioprocessing applications due to its very low protein binding.

4.6.1 Membrane characterization — industrial standards
Flow and pore size properties — defining the specifications

The earlier results showed that base membrane plays an integral role in defining the
modified membrane properties and consequently membrane performance. Therefore,
base membrane properties need to be predefined to obtain modified membrane with
consistent desired properties and performance. Nevertheless, the results clearly suggested
that industrial trial is successful in hydrophilizing the membrane. Furthermore, in the
industry the design of experiments (DOE) trials is performed to understand the variation
of properties under the set conditions. The trials are aimed at predicting the final
membrane properties as a result of base membrane characteristics (input variables). These
experiments were aimed to establish validity, reliability and reproducibility?®. Once this
is achieved the base membrane characteristics for obtaining the desired final membrane
properties can be defined and the specifications for the obtained hydrophilic membrane

can be set according to the customer requirements.

Thermal stability and sterilization

GVS proposes five years of shelf life for its hydrophilic membrane products. Although
real time aging provides the best data, due to market conditions where products become
obsolete in a short time new products need to get to the market soon. Real time aging
does not meet this criterion therefore, accelerated aging test provides an alternative
means. Accelerated aging test is performed at 90°C for 16 days in the absence of moisture

to determine the effects, if any, on the integrity of the functionalized membranes due to
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passage of time. The tests are performed at elevated temperatures to simulate real time

aging in a reduced amount of time.

Meanwhile, the developed membranes shall be used in the filter devices such as syringe
filter, amicon cell, and centrifugal filters for various bioprocessing applications. The
devices used for such applications are sterilized in various ways such as autoclave,
gamma rays, and ethylene oxide (Eto) to avoid contamination of the valuable product®®.
It is crucial for the membranes to maintain their integrity after sterilization. The
industrially modified HEMA membrane was sterilized using autoclave to pose the
toughest challenge to the modified layer compared to other sterilization methods. The
membrane was exposed to high temperature (121°C) steam under pressure (bar) inside an

autoclave, which potentially can degrade weak coatings.

The effect of thermal stress without moisture in case of accelerated aging and with
moisture (steam) in case of autoclave on the membrane was analyzed by monitoring the
flow properties and the hydrophilicity of prototype H before and after thermal exposure.
Figure 4.82 demonstrates the effect of thermal stress on the flow properties and membrane
pore after accelerated aging (a) and autoclave (b). The results indicated that the modified
surface layer in both the cases was not compromised and membranes maintain their
integrity. The interpenetrating cross-linked network in the modified layer was a result of
efficient copolymerization of EGDMA-HEMA. The highly cross-linked polymer
network is covalently bonded to the PVDF membrane generating a strongly bound layer
which is unaffected by high temperatures. It was assumed that the degradation of
materials as a result of temperature involves chemical reactions which follow the
Arrhenius reaction rate function. The function states that in a homogenous process a 10°C
change in temperature results in two time or half time change in a chemical reaction rate
(Q10)*7*8. However, PVDF is known for having excellent thermal stability due to the
presence of highly electronegative fluorine atoms and high bond dissociation energy of
the C-F bonds. Additionally, the superior thermal stability is attributed to its crystalline
phase and high flexibility due to the amorphous region?*”. PVDF can withstand a wide
temperature range between — 40°C (Tg) to 160°C (Tm) and has demonstrated thermal
decomposition above 316°C3%%3%1 These eminent properties of the base membrane
further enhance the thermal stability of the membrane. The differences observed before
and after in both are possibly derived from the distinct measurement spots on the PVDF

flat sheet membrane.
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Figure 4.82 Effect on the flow properties and pore size of prototype H after exposing to (a) thermal stress (90°C for
16 days), and (b) autoclave (120°C steam for 20 min.)

Figure 4.83 shows the effect on hydrophilicity of the membrane in terms of the contact
angle and wetting time before and after the thermal stress. Interestingly, the wetting time
and the initial contact angle increases after accelerated aging test whereas for the
membrane after autoclave it does not change even though the temperature used is 121°C
(higher than 90°C). Kinetics of the material deterioration is a complex phenomenon
which depends on the temperature, humidity and the material properties®*?. The increased
contact angle and wetting time was a due to deterioration of the modified layer upon
extended exposure to high temperature. Although, covalent bonds need very high energy
to break (>90°C) the extended exposure (16 days) generates vibrations between the bonds
of the polymer network. Chemical reactions take place according to Arrhenius reaction
rate function at elevated temperatures which can disrupt the modified layer resulting in
shrinking. However, the hydrogel layer absorbs water in the presence of moisture in the

environment which prevents shrinking of the network even at higher temperature

(121°C).
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Figure 4.83 Effect on the wettability (dynamic contact angle) of prototype H after exposing to (a) thermal stress
(90°C for 16 days), and (b) autoclave (120°C steam for 20 min.),

Chemical compatibility

Assuring that the chemical solutions are compatible with the membrane helps in
achieving consistent results and lengthen the life of the product. Assessing the chemical
compatibility can be difficult as varying concentrations of the same solution can affect
the membrane differently. Reaction between membrane and chemicals used leads to
degradation of the membrane surface making membrane unusable. Therefore, developed
membranes need to have good chemical resistance to be compatible for various processes
used by the potential customers. The chemical compatibility tests were performed with
40 chemicals including acids, bases and organic solvents for prototype H to generate a
chemical compatibility chart shown in Table 4.10. The chemical was qualified as
recommended if the membrane properties: wettability, water bubble point, flow rate, and
thickness did not change by more than 10 % before and after exposure to the chemical
for 48h at room temperature. The objective of the chemical compatibility chart was to
help identify end users about the resistance of the filter materials to the certain chemicals.
Additionally, once the membrane is installed in the filtration device such as syringe filter

the chemical compatibility with the material device needs to be verified again.
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Table 4.10. Chemical compatibility chart for the industrial prototype H

R ded

b PR [
| yes/no
Acids

1 Acetic acid 5% yes
2 Acetic acid 10% yes
3 Galcial acetic acid yes
a Hydrocholric acid 6N yes
5 Hydrocholric acid 1N yes
6 Hydrocholric acid 0.1N yes
7 Nitric Acid 6N yes
8 Sulfuric acid 6N ves
Alcohols
9 Butanol yes
10 Ethanol <=50% yes
11 Ethanol pure yes
12 Methanol yes
13 IPA yes
Bases
14 NaOH 0.1N | yes
15 NaOH 1N yes
16 NaOH 6N
17 KOH 3N yes
18 Urea yes
19 Ammonium hydroxide 3N yes
20 i ide 6N yes
21 i i yes
Esters
22 [ Butyl acetate [ yes
23 | Ethyl acetate | yes
Solvents
24 Acetone [ yes
25 Cyclohexanone yes
26 DMAC
27 DMSO
28 DMF
29 Hexane yes
30 Tetrahydrofuran yes.
31 Ethylene glycol yes
32 Toluene yes
33 Chloroform yes
34 Glycerol yes
35 Gasoline yes
36 Pentane yes
Others
37 Hydrogen peroxide 30% yes
38 Hydrogen peroxide 3% ves
39 SDS 5% yes
40 glycol ves

The membrane showed good compatibility with majority of the chemicals except for the
PVDF solvents: DMAC, DMSO, and DMF which are known to dissolve PVDF?®. The
high chemical resistance of the grafted layer assured formation of a stable coating with
strong covalent bonds between EGDMA-HEMA and PVDF substrate. Additionally, the
highly chemical resistant base PVDF membrane enhances the chemical stability of the
membrane against most of the chemicals**!. However, the membrane changed its color to
brown, reduced in thickness becoming brittle, and lost its properties upon 48 h contact
with strong alkali solution (6 N NaOH). Although membrane properties were retained in
case of 3 N KOH the membrane discoloration still occurred. Studies have reported
degradation of PVDF on exposure to strong alkaline solution®*. Early investigations
observed the discoloration of white PVDF membrane to brown and ultimately back when
immersed in alkaline solutions for hours®*’. Shinohara’* explained the change in color
as a result of formation of C=C bonds upon dehydrofluorination in PVDF chain. Hoa and
Ouellette’"” further demonstrated that NaOH solution attacked PVDF in o« conformation.
Later several studies confirmed the elimination of HF and formation of the carbon-carbon

308

double bonds resulting in change in color and brittleness®”. This explains the effect of
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6N NaOH on the membrane observed during the compatibility tests. Moreover, many
factors that can affect the chemical resistance such as temperature, exposure time,

chemical concentration, pressure should also be considered.

4.6.2 Comparison study

In this section the membrane properties and the performance of the industrial prototypes

A and H is compared with the competitor membrane (reference).

4.6.2.1 Membrane properties

Although the base material of the GVS prototypes and the reference membrane was
PVDF the morphology, surface chemistry and physio-chemical properties were different.
The difference in the membrane characteristics were demonstrated by performing
porometry, zeta potential measurements and analyzing the morphology by SEM.
Subsequently, the filtration performance and protein binding ability were evaluated and
compared. These preliminary results compared the properties and performance of the

developed prototypes to a widely accepted product for bioprocessing applications.

Porometry

The pores of the membranes were characterized using capillary flow porometry. Figure
4.84 exhibits the pore size distribution for the prototypes and the reference membrane and
Table 4.11 shows the additional information derived from the porometry measurement.
The nominal pore size of the reference membrane was 0.22 um, while the GVS prototypes
were developed from the base membrane with nominal pore size 0.45 pum. The bigger
pore size enabled efficient grafting and swelling of the hydrogel throughout the porous
structure. Moreover, the deposition of polymer inside the pores would eventually reduce
the effect pore size. The large ratio between membrane pores and particles (200 nm) used
for filtration allow electrostatic and steric repulsions to be effective for particle
retention®” and potentially can retain even smaller particles. Tarzaskus et al.?*° reported
retention of silica nanoparticles based on the electrostatic repulsions. The pore size
distribution data showed that the porous structure of the reference membrane was
narrower than the GV'S prototypes as suggested by the nominal pore size values. Although
it should be noted that the polyacrylic acid and polyHEMA chains have the ability to

swell which is underestimated in the porometry measurement.
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Figure 4.84. Pore size distribution comparison between the reference membrane and GV porotypes

The variation and the mean of the pore size from Table 4.11 confirmed that the reference
membrane had smaller pores compared to GVS prototypes; no significant difference
between GVS prototypes was observed. The porosity values were comparable, whereas
the thickness of the prototypes was 72 pm higher than the reference membrane because
of the polyester support used for PVDF membrane synthesis. Therefore, the difference in
the pore size distribution and thickness could be the determining factors for the particle

retention performance of the membranes.

Table 4.11. Membrane characteristics comparison between the reference and GVS prototypes

Characteristic Reference Prototype A Prototype H
Max. pore size 0.73 0.89 0.86
[nm]
Mean pore size 0.45 0.58 0.60
[nm]
Min. pore size [um] 0.38 0.50 0.44
Porosity [%] 53.45 51.65 50.46
Thickness [um] 113 185 185
SEM

The top and bottom surface morphologies of the three membranes were characterized
using SEM and the micrographs are shown in Figure 4.85. The images revealed that all

three membranes had a highly asymmetrical structure. The reference membrane had a

159



homogenous pore size distribution on the surface with small openings. The prototypes
had far from cylindrically shaped pores with broadly distributed diameter impossible to
define. As a consequence, particles can easily enter the pores. The heterogenous

distribution of the grafted polymer can be spotted on the prototype surface.
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Figure 4.85. SEM micrographs of the top and bottom surface of the reference membrane and GVS prototypes
Zeta potential

The surface charge of the membranes as a function of pH evaluated by zeta potential
measurements is shown in Figure 4.86. It is well known that the membranes used for
bioprocessing applications usually have a negative surface charge to avoid the adsorption
of negatively charged biological particles on the surface!'?. Prototype A and the reference
membrane do not have an isoelectric point and share a similar trend of zeta potential

hinting similar surface chemistry. However, polyHEMA had an IEP around pH 3 and the
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zeta potential sharply decreased with increase in pH. All three membranes had a negative
zeta potential in the most of the pH range. This should result in electrostatic repulsion of

the negatively charged particles avoiding them from entering the membrane.
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Figure 4.86. Zeta potential measurement comparison between the competitor membrane and industrially modified
acrylic acid and HEMA membrane

The prototype membranes had a different morphology and pore size distribution
compared to the reference membranes. The reference membrane had a closed sponge like
structure with negative surface charge while the prototype membranes had an open
sponge like structure with negative surface charge. The base PVDF material used for
modification is open and supported which results in thick and open final membrane. The
base material governs the porous structure which undergoes changes depending on the
degree of cross-linker, while the surface chemistry is dictated by the functional groups.
The hydrogel layer and chains grafted on the surface of the prototypes are activated in the

aqueous medium which play a crucial role in membrane filtration as understood in section

4.5.

4.6.2.2 Membrane performance

In this section the filtration performance and protein binding ability of the reference
membrane is evaluated and compared with the industrially developed prototypes. Often
times in the bioprocessing applications the feed solution contains multiple components
which foul the membrane and compromise the surface chemistry reducing the capacity
and the life of the filter. Therefore, throughput volume capacity of the membranes was
examined by filtering cell culture media through the membrane to estimate the membrane

behavior in the actual application with biofluids.
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Filtration study

The water permeance for the membranes in Figure 4.87 (a) shows that even though the
prototypes had bigger pores the difference in permeance compared to the reference
membrane is not significant due to swelling of the grafted hydrogel. Moreover, prototype
A has less permeance than the reference membrane due to the narrowing of the pores with
decarboxylation of -COOH which results in swelling of the polyacrylic acid chains at pH
7. Interestingly, prototype membranes with bigger pore size displayed higher particle
retention than the reference membrane with smaller pores in Figure 4.87 (c). The
functional groups on the surface of the prototypes are activated in the aqueous medium.
The carboxyl group and pendant hydroxyl group in prototype A and H respectively,
interact with water by forming hydrogen bonds. This resulted in formation of a strong
hydration layer at the surface. Moreover, reduced EGDMA concentration (from 2.5 wt.%
to 1.5 wt.%) in case of prototype H decreased the degree of cross-linking and increased
the swelling of the polyHEMA segments on the surface forming a strong hydration layer.
The polyacrylic acid forms long chains which further extend at pH 7 due to
decarboxylation. As a result, the steric and electrostatic repulsions?>® reduce the particle
interaction with the membrane surface®*¢. However, due to the open pore structure during
the initial stages of filtration particles were adsorbed and deposited in the membrane
displaying low retention. But as filtration progressed particles aggregated at the interface
increasing filtration resistance (d) and eventually forming a cake-layer that prevented
particle penetration into the membrane. Since, particle fouling does not lead to complete
blocking of the pores but rather eventual build-up of the particles the permeance during

filtration decreased linearly and until the cake layer was formed.

On the contrary, the reference membrane showed very low retention and low filtration
resistance. The apparent initial high retention for the first permeate is due to the residual
water in the system. The results suggested that there was no particle-membrane
interaction which allowed particle aggregation or clustering at the surface. Also,
membrane showed low adsorption capacity towards the particles. Therefore, majority of
the particles passed through the membrane without strong resistance. But in the last stages
of filtration particle build-up can be observed due to pore blocking rather than membrane-
particle interaction. The higher filtration permeance is the result of continuous passage of

particles through the membrane.
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Figure 4.87. Plots from the filtration study of prototype A, prototype H and the competitor’ membrane (reference) at
0.5 bar: (a) water permeance, (b) normalized filtration resistance, (c) particle retention, and (d) total filtration
resistance

For bioprocessing application, it is crucial to avoid loss of valuable particles either by
adhesion or by penetration which is the major problem with the current membranes
specially for the concentration and purification resulting in low recovery®6%31% Figure
4.88 shows (a) the drop in water permeance due to particle fouling and (b) particle
recovery from the retentate and membrane surface after filtration. The flux drop was the
lowest for the reference membrane as majority of the particles passed through the
membrane. The higher values for prototypes were due to the irreversible fouling caused
by deposition and adsorption of particles during the initial stages of the filtration. The
particle recovery was the result of interaction between membrane and particles. Highest
recovery for prototype A is due to the strong electrostatic repulsions while for prototype
H steric repulsions played a role. The particles recovery from the retentate side was the
lowest for the reference membrane however less particles were potentially trapped in the
membrane as most of the particles penetrated in the permeate side due to lack of

membrane-particle interactions.
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Figure 4.88. (a) Drop in water permeance as a result of fouling and (b) Recovered particles from the retentate and
washing step from the membrane surface

SEM post filtration

The SEM micrographs in Figure 4.89 of the membrane’s top surface and cross-section
after filtration were analyzed to monitor the particle blocking. The particle concentration
on the top surface of the reference membrane was relatively less than the prototypes. The
slow build-up of the particles on the surface due to particle penetration explains the low
concentration. The cross-section images confirmed the asymmetric structure of the
membranes with high tortuosity. A layer of particles on the top of the membrane surface
and irreversible fouling in the top part of the cross-section for prototypes was observed.
Adsorption and deposition of the particles in the initial stages of filtration leads to
irreversible fouling of the open surface structure. As the filtration progresses the
aggregated particles were compacted at the membrane interface, resulting is
destabilization and adsorption on the surface. However, due to penetration of the majority
of the particles, not enough were left to form a cake-layer at the top surface of the

membrane.
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Figure 4.89. SEM micrographs of the top surface and cross-section after filtration for prototype H, prototype A and
the competitor’s membrane (reference)
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Based on the results it was possible to predict the anti-fouling mechanism for each of the
membranes. Figure 4.90 shows the proposed retention mechanism (a) reference

membrane, (b) prototype A and (c) prototype H.

Fluoroscent polystyrene particles (-COOH functionalized)-negatively charged

\._/4 Weak {!/.4__» Electrostatic w Strong
——hydration RS repulsion —— hydration
e _

| (a) Competitor (b) Acrylic acid prototype (c) HEMA prototype

Figure 4.90. Schematic interpretation of blocking mechanism during particle filtration for (a) competitor membrane,
(b) prototype A & (c) prototype H

Protein binding

Protein binding ability of the prototypes was compared to the reference membrane and
the base PVDF membrane. The study was carried out in static and dynamic mode and the
results are displayed in Figure 4.91. It is well known that hydrophobic surfaces destabilize
proteins resulting in higher protein binding®'!. The entropic gain due to dehydration at
the hydrophobic interface drives protein adhesion. Hydrophobic dehydration is a result
of the interactions between the protein’s internal hydrophobic regions and the
hydrophobic surface®'?. This explains very high BSA binding for PVDF base membrane.
The obvious higher binding in dynamic mode is due to the adsorption and deposition of
BSA inside the porous structure upon pushing BSA solution through the membrane
maximizing the interaction points. The drastic drop in protein binding from the upon
modification validates the successful grafting of the hydrogel layer on the membrane
surface. The dual effect of steric and electrostatic repulsions for the prototypes as a result
of efficient grafting of polyacrylic acid chains and polyHEMA segments reduced the
protein adsorption. Prototypes showed a very low protein binding similar to the reference
membrane claimed as the benchmark for its low protein binding ability by the
manufacturer. These preliminary promising results showed the potential of the prototypes

to be further fine-tuned and used for bioprocessing applications.

166



160

ot
£
=}

-
[
=]

111.55

ot
S
(=]

Protein binding [ug/cm2]
%
[—]

12526
0.99

m Static protein binding

m Dynamic protein binding

60
40
20
179 185 138 074 241
PVDF base Reference Prototype A Prototype H
Membranes

Figure 4.91. Dynamic and static protein binding with 5 mg/ml BSA for the competitor membrane and developed
prototypes with reference to the base membrane (unmodified)

Figure 4.92 (a) shows water, PBS and BSA permeances which reflect the pore structure

of the each membrane. The lowest water permeance for prototype A was due to narrowing

of the pores as a result of polyacrylic acid chain extension due to decarboxylation.

However, due to the shielding of the salts at effect at high ionic strength in PBS and BSA

solution the swelling of the chains was diminished. Figure 4.92 (b) demonstrated the drop

in water permeance due to irreversible protein binding. The low values (< 15%) suggested

that membranes have a good regeneration capability upon washing the reversibly bound

protein from the surface.
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Figure 4.92. Results from dynamic protein binding: (a) permeance of water, PBS and BSA and (b) drop in water
permeance before and after the protein binding

Two-step graft coating polymerization method was successfully scaled-up to obtain

polyacrylic acid and polyHEMA prototypes. The prototype H showed promising results

for the industrial characterization of the membrane to be implemented in the devices.
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Besides showing superior retention than the reference membrane due to the active surface
layer formed upon functionalization, prototypes presented very low protein binding.
Therefore, prototypes can be considered as serious candidates for the bioprocessing

applications upon further fine-tuning to obtain the desired results.

4.7 Effect of pore size on functionalization

From the experience in section 4.6, it was obvious that the base membrane played an
integral role in defining the properties of the modified membrane and consequently
affecting the performance. For the bioprocessing applications the size requirements for
the microfiltration membranes vary from 0.2 pm to 1.2 pum. In this section, the
functionalization is extrapolated from 0.45 um to other available pore sizes of the PVDF

base membrane to study the effect of pore size on the polymerization mechanism.

The base membranes were characterized for their thickness, pore structure and
morphology. Since proteins bind to non-polar regions of the membranes as a result of
hydrophobic interactions, protein binding was determined for the functionalized
membranes to evaluate the efficiency of polymerization. Furthermore, efficiency of
polyacrylic acid grafting inside the porous structure for each pore size was analyzed by
mapping copper bound to carboxyl groups using sophisticated SEM-EDX technique. The

base PVDF membrane and HEMA membranes were used as a reference.

4.7.1 Base membrane characterization

PVDF base membranes produced by GVS with pore sizes: 0.1 um, 0.2 pum, 0.45 um, 0.8
um, and 1.2 um were considered for the study. Thickness and the porous structure directly
affect the polymerization mechanism during membrane functionalization. To manifest
efficient polymerization the diffusion of reagents across the interface and throughout the
porous structure should be effective. The diffusion path length depends on the thickness
and the influence of polymerization induced diffusion barrier depends on the membrane
morphology. With increasing pore size and surface porosity the impact of the barrier is
reduced as pore size directly affects the mass transfer conditions. The membrane
thickness increased with increasing pore size as seen from Figure 4.93 (a) with an
exception for 0.2 um. The mean pore size significantly varies between the membranes as
revealed by the pore size distribution measurement in Figure 4.93 (b). The ease of

diffusion of small molecules (much smaller than the pore sizes) does not solely depend
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on the pore size but is also affected by the tortuosity, thickness, porosity, and pore

geometry.
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Figure 4.93. Base membrane characteristics of different pore sizes: (a) Membrane thickness and (b) pore size
distribution

The surface porosity was inspected by obtaining the SEM micrographs of the top surface
of the membranes and the SEM images are displayed in Figure 4.94. 0.1 um showed a
thin polymer layer on the top surface with small pores and low surface porosity. As the
pore size increased, the membrane structure became open and the surface porosity

increased.

(1iv) 0.8 pm (v) 1.2 pm

Figure 4.94. SEM micrographs of the top surface of the base membranes of different pore sizes

169



4.7.2 Static protein binding: all the pore sizes

The plots (a) and (b) in Figure 4.95 show the static protein binding results for polyacrylic
acid and polyHEMA respectively for different pore sizes. The protein binding decreased
with increasing pore size for both polyHEMA and polyacrylic acid modifications. The
protein binding is directly proportional to the hydrophobic nature and inversely
proportional to the specific surface area. Hydrogel lean regions are hydrophobic in nature
which were generated due to inefficient polymerization inside the porous structure where
BSA can bind through hydrophobic interactions. Therefore, the results suggested that
efficiency of polymerization decreases with decreasing pore size. Furthermore, the
specific surface area decreases with increasing pore size, lowering the interaction points

for BSA hence decreasing protein binding.
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Figure 4.95. Effect of pore size on protein binding. Static protein binding results for the functionalized membranes of
different pore sizes: (a) Acrylic acid functionalized & (b) HEMA functionalized

The efficiency of grafting inside the porous structure depends on the influence of barrier
formed in the reaction zone. The polymerization induced barrier hinders the diffusion of
reagents across the membrane-bulk interface. However, the rate of formation of the
barrier and subsequently its impact on diffusion depends on the surface porosity (pore
size). As the surface porosity increases with pore size, the barrier formation is delayed
and reagents can easily diffuse into the pore structure resulting in efficient polymerization
throughout the porous structure. The predicted hydrogel layer formation for various pore

sizes as a consequence of barrier formation is represented in Figure 4.96.
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Figure 4.96. Schematic interpretation of effect of pore size on polymerization and consequently on the formation of
the hydrogel layer assuming ideal cylindrical pores

4.7.3 SEM-EDX results

The analysis of the cross-section of polyacrylic acid modified membranes of various pore
sizes was performed using SEM-EDX technique to monitor the polymerization inside the
porous structure. The copper bound to the polyacrylic acid groups was mapped to
determine the polyacrylic acid graft density inside the pores. PolyHEMA modified and
base PVDF membranes of 0.45 pm were also analyzed as a reference due to their inability
to bind copper. SEM-EDX has been used in numerous studies to investigate membrane
fouling and surface characterization. Soffer et al. utilized SEM-EDX to identify iron

concentration on the fouled membrane’!?

. Hamid and coworkers evaluated copper (II)
adsorption on polysulfone/zeolite blend sheet membranes?'4. SEM-EDX results: cross-
section micrographs and copper mapping are presented in Figure 4.96; the yellow color
corresponds to the concentration of copper. The copper ions are directly proportional to
the polyacrylic acid concentration. It was evident that with increasing pore size the
polyacrylic acid concentration increased inside the cross-section. A gradient of
polymerization is formed along the cross-section. For 0.1 pm the gradient is high as a
result of inefficient polyacrylic acid grafting inside the small pores. Whereas, 0.8 um
shows no gradient due to high grafting density inside the big pores. The polyHEMA and
base PVDF membranes show low concentration of bound copper ions due to absence of
the carboxylic groups. The adsorption of Cu is also dependent on the mass of polyacrylic
acid coating. The specific surface area decreases at very high pore size, which negatively

affects the amount of hydrogel grafted. Therefore, the gradient intensity of Cu was less

for 1.2 um because of low specific area which led to slightly higher protein binding.
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Figure 4.97. SEM micrograph of the cross-section of the acrylic acid functionalized membrane along with the
mapping of bound copper (yellow) onto the membrane using SEM-EDX. HEMA functionalized and base PVDF
membranes are used as a reference

Based on the findings for the effect of pore size on polymerization the relationship
between polymerization efficiency and pore structure was established and is shown in

Figure 4.98.

Efficiency of polymerization
-
Efficiency of polymerization

Distance from the pore opening Pore size

(a) (b)

Figure 4.98. (a) Efficiency of polymerization decreases as the distance from the pore opening increases into the pore,
and (b) Efficiency of polymerization increases with increasing pore size
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The efficiency of polymerization depends on monomer concentration, pore geometry
(especially the curvature of the pore) and the active membrane surface area for grafting.
These results indicate that extrapolation of the modification methodology can be
successfully carried out specially for the bigger pore sizes. It also suggests that the
methodology is better suited for open membranes which delay the barrier formation

allowing efficient diffusion thereby efficient polymerization.
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S CONCLUSION

The development of two types of hydrophilic membranes with varying surface properties
exhibiting superior particle retention and improved anti-fouling performance was
fruitfully accomplished in this work. The commercial MF flat sheet PVDF membranes
were functionalized at the industrial scale via novel two-step graft coating
polymerization. This work is a successful attempt to produce hydrophilic MF membranes
employing tailor-made surface properties at an industrial scale in a roll-to-roll process to
obtain membranes for bioprocessing applications. Numerous findings revealed during the

progression of the work are presented in this section.

The surface functionalization methodology developed in this work is not only versatile
but also robust, fast, requires no external energy (cheap), and is scalable. The two-step
surface graft coating involves redox initiated (Fenton’s reagent) radical polymerization.
In the first step, the initiator along with a cross-linker are absorbed into the base
membrane and the activator along with a polymer are introduced in the second step.
Variety of chemical substances with abstractable hydrogen and desired cross-
linker/polymer pair could be utilized for obtaining custom-adapted surface properties by
varying their concentration ratio. As the proof of the concept, two functionalized
membranes were obtained with a monomer (acrylic acid) and a polymer (PVP) using
EGDMA as a cross-linker. The modified membranes were characterized for surface
properties (ATR-FTIR, zeta potential, contact angle, etc.) demonstrating the success of

this approach.

It was also revealed that base membrane characteristics directly affect the final membrane
properties. Therefore, it is recommended to establish a standard protocol for selecting

appropriate base membranes for the desired pore size of the final hydrophilic membrane.

In another scheme, multiple modifications were carried out with acrylic acid and PVP
using EGDMA as the cross-linker at varying concentrations to understand the
polymerization mechanism. The mechanism study demonstrated that efficiency of
polymerization depends on the reactivity, local concentration ratio, and copolymerization
efficiency in the reaction zone. Vinyl monomers (such as acrylic acid) were found to be
more effective to attain hydrophilic membrane with efficient surface grafting on the

surface and into the pores than long chain polymers (such as PVP) due to better mass
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transfer because of smaller size and better copolymerization efficiency because of the

presence of a -bonds.

Moreover, EGDMA was confirmed to dominate the polymer network during
polymerization due to its higher local concentration and higher reactivity. In the presence
of less reactive PVP, homopolymerization of EGDMA led to phase separation resulting
in polymer spheres. TrGDMA was analyzed as an alternative cross-linker to EGDMA to
minimize the dominance of the cross-linker in the polymer network. TrGDMA was
verified to be a better choice than EGDMA due to its higher water solubility, longer
flexible chain and lower reactivity. However, due to time constraints emphasis was given
on EGDMA in this work as the primary interest for GVS. The future work is planned to

implement TrGDMA in the functionalization at industrial scale.

With EGDMA as the cross-linker acrylic acid and HEMA — vinyl monomers — were
chosen to develop two prototypes with hydrophilic anti-fouling surface properties in
addition to pH responsive behavior for polyacrylic acid. The prototypes were narrowed
down from the multiple modifications prepared for each monomer with varying
EGDMA/monomer concentration ratios; which were further characterized for their
surface properties, particle retention and protein fouling performance. Cross-linker
influenced the structural changes and monomer affected the surface chemistry of the
modified membrane. Polyacrylic acid formed pH responsive dangling chains at higher
acrylic acid concentration that repelled the particles via electrostatic repulsion hence
minimized the fouling. The effect of cross-linker was reduced at higher acrylic acid
concentration. Due to the structural similarity HEMA and EGDMA resulted in a smooth
copolymerization forming a highly cross-linked polymer network. A hydration layer
dominated with polyHEMA at the membrane surface and reduces the particle adhesion
on to the membrane. The effectiveness of the hydration layer can be increased by reducing

the degree of cross-linking.

The successful upscaling of the functionalization was carried out for both the prototypes
at the industrial scale in a roll-to-roll process. Prototypes qualified the internal industrial
preliminary requirements for permeability, chemical compatibility, thermal stability, and
hydrophilicity to be accepted as the new hydrophilic products. The prototypes performed
better at particle retention than the competitor membrane with smaller pores due to the

grafted chains and the hydration layer on the surface. They also showed very low protein
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binding ability comparable to the competitor with lower surface area. The results
demonstrate great potential for the prototypes to be developed for bioprocessing

applications upon further investigations.

The modification was extended to other membrane pore sizes to establish the relationship
between pore size and efficiency of polymerization. Gradient of polymerization was
observed in the cross-section of the membrane. The gradient of polymerization was
inversely proportional to the membrane pore size. The efficiency of polymerization
increased with increasing base membrane pore size. This could help GVS to fine-tune

modification parameters based on the base membrane pore size.

Membrane characterization establishes a relationship between the effect of cross-
linker/monomer ratio and final membrane properties; which further allows to understand
the role of cross-linker and monomer in imparting membrane properties. Membrane
performance characterization further establishes a relationship between membrane
properties and membrane performance. The filtration protocol and protein binding act as
bridge to help predict the membrane performance for a certain desired application. With
this information the manufacturer could directly obtain the desired product based on two-

step graft coating polymerization by fine-tuning the process parameters/formulation.
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6 OUTLOOK

Commercial MF membranes have been successfully functionalized via developed
methodology at an industrial scale to obtain desired surface properties to minimize
fouling and enhance the separation performance. The preliminary performance and
characterization results for the developed prototypes show considerable potential to
implement developed membranes for bioprocessing applications. Nevertheless,
additional investigation and refinement studies are still required to qualify the prototypes

as finished filter products for the bioprocessing market.

The functionalization degree and homogeneity can be improved for the industrial
modification by establishing a strong relationship between the base membrane
specifications and the final modified membrane properties at an industrial level. This
could eliminate the deviations in the properties of the modified membranes caused by the
base membrane. Furthermore, “Design Of Experiments” (DOE) industrial trials should
be carried out to identify the optimum time for recharging the solution bath 1, and time
for renewing the solution bath 2. This is relevant since, these parameters are consumption

dependent and will change based on the membrane pore size and reagent concentration.

There are still gaps to fill before the membranes can actually be used for a specific
application. Since, one of the major applications is cell culture filtration a step closer
towards the actual application would be evaluate the capacity of the membrane to filter

cell culture media and the effect of media on the surface properties.

The developed membrane is a flat sheet, the membranes used for actual applications are
in various forms of products such as syringe filter, centrifugal filters, amicon cells, and
other types of membrane modules. Membrane properties should not be compromised
upon processing into the various membrane products. The developed membranes should
be integrated into various membranes modules and the validation of membrane properties

after processing should be performed.

The developed membranes can also be utilized in cross-flow filtration and sequential
filtration to enhance the recovery. Therefore, the filtration mechanism study should be
carried out in cross-flow filtration mode and in a sequential filtration protocol.

Furthermore, the “real” biological particles are soft and deformable unlike hard
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polystyrene particles. Therefore, filtration efficiency with the actual bioprocess fluids
such as extracellular vesicles (EV) containing cell culture media should be evaluated for
concentration and purification experiments using these filters. This should also be a step

forward in understanding filtration for EV research.

Further investigations are also needed to exploit the pH-responsive nature for the
polyacrylic acid chains grafted on the surface of the membrane to increase the particle
recovery. Additionally, the efficiency of polymerization can be enhanced by examining

the modified membrane properties with alternate cross-linker: TrGDMA.

The results presented in this work in addition to the proposed future work could enable
GVS to introduce a new line of hydrophilic products into the market for bioprocessing

applications.
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